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Zusammenfassung

Vier Jahrzehnte sind vergangen seit der Veroffentlichung der ersten Thesen
von Lee und Yang[1], die die Moglichkeit der Paritétsverl etzung in der Schwachen
Wechsel wirkung vorschlugen. Der experimentelle Nachwei s durch Wu et al. erfd-
gteinnerhalb weniger Jahrein einem 3-Zerfall Experiment [2] wel chesdie Winkel verteilung
der Elektronen untersuchte, die von ausgerichteten % Co-Kernen emittiert wurden.
Das Ergebnis zeigte, dal3 die Elektronen nicht wie erwartet isotrop emitiert wer-
den, sondern dai’ die Zahlrate der Elektronen im Detektor von der Orientierung des
Kernspins des emittierenden Co-Atoms abhéangt. Mit diesem Experiment war zum
erstenmal eine physikalische Erscheinung gefunden die nicht spiegelinvariant ist.

Die beobachtete Winkelverteilung der El ektronen folgt der Form 1 + A cos 6
und die gemessene Genauigkeit des Parameter “A” in WU's Experiment liegt bel
~10%. Eineerneute Messung mit einer verbesserten Quel lengeometrie erl aubte die
Bestimmung von“ A” mit einer Genauigkeit von ~2% [3]. Das Standart Model der
Elektroschwachen Wechselwirkung beschreibt die Winkelverteilung der emitierten
Elektronen im p-Zerfal und die Aufgabe moderner Experimente ist die prazise
Bestimmung der unterschiedlichen Parameter (in unserem Falle die des Parameters
A) mit dem Zidl die Helizitét der Wechsel wirkung zwischen Quarks und L eptonen
zu bestimmen.

Die Grenzen der Genauigkeit mit der “A” in modernen (-Zerfall Experi-

menten gemessen werden kann liegen zur Zeit bel ~1%[4]. Diesist begrindet in
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der unzurel chenden Prézision, mit der der Kernspin des Prapar ates ausgeri chtet und
bestimmt werden kann. Desweiteren fiihren engergieabhéng ge Korrekturterme zu
Verfélschungen, die die Vorhersage von “ A” erschweren.

Mit der ErChdung der Atomfallen erscheint es moglich ein Praparat zu for-
men, welches in beiden Bereichen wesentliche Verbesserungen verspricht. Der
Kernspin der Atome in einer Atomfalle kann zu nahezu 100% (abhangig von der
gewdhlten Geometrie der Falle) ausgerichtet und Mittels optischer Methoden mit
extremer Genauigkeit bestimmt werden (<0.1%). Desweiteren erlauben polar-
isierte Atomein el ner geel gneten Atomfalle die Bestimmung der engergieabhangige
Korrekturterme und damit die Bestimmung des Parameters® A” mit einer Genaui gkeit
von ~0.1%. Die Atome in einer solchen Falle reprasentieren ein nahezu ideales
“Labor” fur die prazise Messung der pari tatsverletzenden schwachen Wechselwirkung,
auf Grund der im wesentli chen masselosen, punkfdrmigen und polari sierten Struk-
tur der gespeicherten Atome.

Allerdings erfordert ein solches g-Zerfal Experiment die Speicherung einer
hi nreichend grossen Anzahl radioaktiver Atomeinder Atomfalle. 1994 erfol gte die
erstmali ge Speicherung von radi oaktiven Atomen in einer optischen Atomfalle. Die
Forschergruppe aus Berkeley konnte 4000 2! Na Atome erfol greich in die Atomfalle
laden und fr 5 Sekunden speichern [5]. Kirzlich veréffentlichte die Arbeitsgruppe
eine verbesserte Version die nun ~40000 Atome speichert [6]. Stimuliert durch

diesen Erfol g arbeiten heute sechs Gruppen weltweit an dieser Aufgabe.
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Die hier vorliegende Arbeit beschreibt die Produktion eines lonenstrahls ho-
her Intensitat (~10° 82Rb 1 onen pro Sekunde), den A ufbau eines Massenseparators,
die Kopplung einer optischen Atomfalle mit dem M assenseparator und die erfol -
greiche Speicherung radioaktiver #2Rb Atome in der Atomfalle. Die prinzipiellen
Schwierigkeiten, verglichen mit Atomfallen fir nichtradioaktive Préparate, kon-
ntenin unserem Labor Uberwunden werden[7, 8]. Erstmaligwurde einegrof3e An-
zahl (6 Millionen) radioaktive Rb Atomein einer optischen Atomfalle tber einen
Zeitraum von 90 Sekunden gespeichert. Dies entspricht einer mehr als 100 fachen
Verbesserung verglichen mit den besten vertffentlichen Ergebnissen aus Berkeley
und erlaubt somit die Durchflhrung eines prézisen g-Zerfall Experimentesin einer

Atomfdle.



Abstract

Four decades have past since the [Tst suggestion by Lee and Yang that par-
ity could be violated in weak interactions[1], and the subsequent discovery by Wu
et al. of parity violation in the 3-decay of polarized °Co [2]. More recent mea-
surements have led to a second generation result with about 2% precision [3] in the
parity-viol ating el ectron-spin asymmetry (A). Modern experiments to study funda-
mental symmetries in nuclear 5-decay of the free neutron havereached a sensitivity
of ~1% in measuring the electron-spin correlation [4], athough the experiments
disagree beyond the quoted level of accuracy.

With the appearance of optical traps for neutral atoms in 1987 [9], it is now
possible to envision a new generation of nuclear 5-decay experiments that could
reach senstivities of ~0.1% on measuring A by taking advantage of the desirable
properties of the atomsin such traps.

This thesis demonstrates the successful trapping of ~6x 10° radioactive *>Rb
atoms for the purpose of a nuclear 5-decay measurement. The achievement of
trapping alarge number of atomsin such atrap opens the door to a new generation
of very precise nuclear 3-decay measurements that expl oit the essentially masd ess,

point-like, and highly polarized character of such aconlChed cloud of atoms.

Vi



Abstract vii

A description of the production of an intense beam of radioactive 8?Rb ions
(~10% iong/sec), the devel opment of a high-transmission mass separator, the ef [+
cient coupling of an optical trap to a mass separator, and the successful trapping of
~6x10° 82Rb atomsin a Magneto-Optical Trap (M OT) is presented. The trapping
of such alargenumber of radioactive atomsrepresentsatwo order of magnitudeim-
provement over previous radioactive atom trapping work, and enables us to pursue
the devel opment of a next generation nuclear 5-decay measurement in an atomic

system.
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Chapter 1
Introduction

1.1 The History of Trapping Radioactive Atoms

The techniques to manipul ate atomswith laser light devel oped in the mid and late 1980’s
[10, 11, 12, 13], and especially the appearance of optical trapsin 1987 [9], have promising
applicationsin several areas of science and technology. The atomsin such traps are cooled
totemperatures of lessthan amillikelvin and thus alow the study of avariety of cold atom
phenomena. In fact, the reali zation of Bose-Einstein Condensation (BEC) in a dilute vapor
achieved in 1995 [14, 15, 16] relies heavily on the existence of such traps to serve as a
“production source” for pre-cool ed atoms.

Shortly after the [rst optical traps were realized, it became obvious that the cooled
atoms in optical traps could be used in high-precision measurements with importance to
atomic, nuclear and particle physics. Over the years, a variety of proposals have been
published to use the trapped atoms in atomic parity-nonconservation (PNC) and nucl ear
(-decay measurements. For example, measurementsin a series of Csisotopes of the mix-
ing between opposite-parity atomic levels were recognized as a method for reducing the
systematic uncertai nty in the Weinberg angle at o momentum transfer [17, 18].

Unfortunately, the trapping of short-lived atoms has proven to be extremely chal-
lenging despite a 5+ year effort by several groups. Nevertheless, with the vision of anew

generation of exciting fundamental physics experiments on the horizon, successful trap-
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ping of short-lived isotopes was demonsirated at Berkeley and shortly there after at Stony

Brook in 1994 [5, 19].

At Berkeley, approximately 4000 2! Na atoms had been trapped for the purpose of
testing the V-4 structure of the electroweak interaction by performing a precise nuclear
3-decay measurement [5]. Smilarly, ~80 "Rb atoms had been trapped at Stony Brook
in a proof-of -principle experiment, aimed at the trapping of 2!°Fr for a possible atomic
PNC measurement [19]. Fr is expected to be a superb candidate for a atomic parity non-
conservation measurement since the parity-viol ating amplitude is predicted to be 18 times
larger than in Cs. After the demongtrated trapping of Rb, it took two more years to
demonstrate the successful trapping of 2'°Fr at Stony Brook with ~ 1000 atomsin an optical
trap [20].

In 1997, athird group successfully trapped radioactive atoms. At TRIUMF, aneutral
atom trap was connected to the ISOL beam line for the trapping of 37K and 3*K™ [21]. The
very short haf-life (t12 ~ 1s) of these isotopes make it even more challenging to trap
suf(ciently large numbers for the use in a nuclear 3-decay measurement. To date, 2000
and 6000 atoms of *"K and 3®K™, respectively, have been trapped.

Herein we report on the successful trapping of ~6x 106 82Rb atoms for the usein a
nuclear 3-decay measurement. Accomplished in October 1997 this number of trapped
atoms is 100 times larger* than in any other experiment. The achievement of a large
number of trapped radi cactive atoms represents a fundamental breakthrough since, for the

[rst-time-ever, the number of trapped atoms is now suf(iently large to make a proof-of-

! compared to the improved trap at Berkeley that now traps 40000 atoms [ 6]



1 Introduction 3

principle electron-nuclear spin correlation (A) measurement realistically possible with a

statistical precision of 1% and the potential to extent this sensitivity to the 0.1% level.

1.2 Preview of this Thesis

This thes sdescribesthe magneto-opti cal trapping experiment performed at the Los Alamos
National Laboratory. The experiment is designed to optically trap a large number of ra
dioactive atoms and to prepare the trapped atoms for a high-precison nuclear 5-decay
measurement. The careful investigations and improvements of all the components used
in the experiment to ef[Tciently trap radioactive 82Rb atoms in a magneto-optical trap are

presented.

1.2.1 Introduction to Laser Cooling

Laser light provides a perfect tool to prepare, manipulate, and detect atoms. While the
theory of light-atom interactions is described in some detail in the next chapter, we will
present here only the basics of atomic cooling and trapping.

Atoms consist of arather heavy nucleus formed of neutrons and protons surrounded
by acloud of much lighter electrons that movein orbital sof well deCned energy. Normally,
the el ectrons occupy the orbits with the lowest possible energy. Upon irradiation by light,
the electron can absorb a photon and be promoted from a lower orbit of energy F; to a
higher orbit of energy E». Simultaneoudly, thelight intensity is decreased since one photon

has been absorbed. Since this process has to ful 1l energy conservation, the difference in
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energy F» — E; hasto equa the photon energy hv,

E2 — E1 = hv. (11)

Furthermore, conservation of momentum i mplies that when absorbing aphoton of momen-

tum i/ A, the atom must gain a momentum,

Ap = MAv = h/\. (1.2

where M isthemass of the atom, and )\ isthe wavelength of thelaser light. In other words,
the atom undergoes a vel ocity “kick” of h /M A aong the direction of photon absorption.
Upon de-excitation, the atom will experience an additional kick in the direction opposite to

the photon emission direction.

1.2.2  Doppler Cooling

Now consider an atom initially at ret, that is illuminated with two counter-propagating
laser beams, one from the right and the other one from the left. When the frequency v of
thelight is chosen in such away that the corresponding energy hv is less than the energy
difference £ — E; of the two e ectronic level s, one expects nothing to happen since there
isinsufcient energy to excite the transition. Suppose now that instead of theatom being at
rest, the atom is moving at some vel ocity v towards one of the laser beams and away from
the other. To the atom, the frequency of the laser beam that it is moving toward appears
dightly higher in energy, the light is shifted to the “blue”. Conversely, the frequency of the

laser beam the atom is moving away from is shifted to the “red”, having a lower energy.
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Thisis called the Doppler effect, which we are all familiar with from listening to police car
sirens passing by on the street.

As a consequence of the Doppler effect it isnow much more likely for afast-moving
atom to absorb a photon which has been blue shifted onto the transition. The process
described hereis coupled to the direction of the atoms vel ocity vector. On the other hand,
the spontaneous de-excitation of the atom by [luorescent photon emissionis strictly random
with respect to direction. As aresult, the repeated absorption of re-detuned photons and
Cuorescence of the atom will dow the atom down (i.e. cool the atoms). The same argument
can bemadeif theatom initially moves in the opposite direction, except that the rolesof the
two lasers are reversed. Thus, no matter which direction the atom moves, it will be slowed
down and cooled as a result of itsinteraction with the laser beams. This extremely smple
mechanism is called Doppler or optical M olasses cooling [22] and works very effectively,
but because there is no position dependence in this mechanism it does not conlChe the
atoms in space. In fact, it turns out to be impossible to completely stop the atom with
this mechanisms, because eventually on reaches the single photon recoil limit. The lowest
temperature achievable with Doppler cooling is found to be afew millikelvin for Rb atoms.

A schemeto conlhe atomsin space isredized in the so called Magneto-Optical Trap
(MQT) [9] whichis explained in detail in the second chapter. Brielly, a magnetic [=ld
gradient is used to cause Zeeman splitting of the atomic energy levels into magnetic sub-
states which, in combination with circular-polarized laser beams, gives rise to a position
dependent force that pushes the atoms back to the magnetic Celd minimum at the center

of the trap. The MQOT traps atoms from the low velocity tail of the Maxwell-Boltzmann
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distribution. Thus, one can delhe a capture velocity which is a measure of the ef[ciency
of the trapping process. A detail ed investigation of the trapping ef tiency of the MOT and
how to improveit isgivenin Chapter 4. The various studies of the trapping efCtiency have
led to a more ef[cient version of theM OT which we useto cool and conlChe the radioactive

atomsin our experiment.

1.2.3  Trapping of Radioactive Atoms

A basic requirement when pursuing a trapping experiment with radioactive atoms is the
development of an ef[tient way of introducing the atoms into the MOT. We have chosen
a scheme, that ionizes the atoms in an ion source, separates them in a mass separator and
implants the mass-separated ions into a catcher fall located within the vacuum chamber
of the MQOT. Finaly, theimplanted ions are rel eased as neutral atoms upon heating of the
catcher foil intothe M OT where they are trapped. This scheme requires the devel opment of
an ef[tient ion source, a high-transmission mass separator, and a coupling scheme for the
mass separator compatible with the requirements of the MQOT. Its realization can be found
in Chapter 3 together with a detailed description of the laser setup.

In Chapter 5, we describe our results that show the successful trapping of ~ 6 x 10°
radioactive 2Rb atoms in a magneto-optical trap, a dramatic improvement over previous
trapping experiments.

In order to obtain high trapping efciency, high sample polarizations, and ef[cient
(-detection, a double MOT system is advanced. The [rst MOT is optimized for ef[cient

trapping and the second for long trap lifetimes, high polarizations and 3-detection. Using
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a laser push beam, magnetic guide approach the atoms in the (st MOT are efciently
transferred to a second MOT / (3-detection chamber. Upon retrapping of the atoms in the
second MOT, but prior to loading the atoms into the magnetic moment trap, we need to

optically pump the atoms into the “weak-[Eld seeking”

F = 3/2,mp = 3/2) sretched
magnetic sub-state, which spin aigns the nuclel. A description of the process used to
transfer the atoms into the second MOT, aswell as the preliminary design of the magnetic

moment trap is given in Chapter 6.



Chapter 2
Cooling and Trapping of Neutral Atoms

Einstein’'s discovery of the “momenta of light quanta’ in 1917 [23] introduced the
idea of manipulating the external degrees of freedom of an atom by the absorption and
emission of light quanta. Following Einstein’s pioneering work, Frisch (st observed the
delkection of an atomic beam by light pressure in 1933 [24]. However, since the effect of
the thermal light source on the atomic beam isvery small, it did not seem to be feasbleto
pursue this idea any further.

The situation changed dramatically with the invention of the laser [25]. In 1975,
Hansch and Schawlow suggested that atoms coul d be cool ed by counter-propagating | aser
beams detuned to the “red” of the atomic transition [26]. Ten yearslater Chu et al. applied
this technique to create a gas of cold sodium atoms which they named “ optical molasses’
[27, 22]. Atoms in the optical molasses are cooled to low temperatures but not conChed
in space. Dalibrard proposed a scheme to simultaneously cool and conhe those atoms by
using polarized light Celds and adding a magnetic Celd gradient (in closing remarks of [9])
in such away, that the atomic transition of atom which is moving away from the magnetic
[l d minimum, is shifted into resonance and therefore, the atom experiences a force, that
pushes the atom back to the center of the trap. Thisconguration was [T<t realized by Raab
et al. in 1987 [9] and is now well known as the “Magneto-Optica Trap (MOT)”.

The early theoretical discussions were based on the two-level atom and therefore

quoted the lowest attainable temperatures 7" in an optical trap tobe kT ~ %hl“, where £
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is Boltsmann's constant [28, 29, 30]. It was surprising that lower temperatures were ob-
served by Phillipser al. [31]. Sincethen, cons derable theoretical and experimental effort
has focussed on understanding “new” cooling mechanisms which led to much lower tem-
peratures [32]. It isknown that the temperature limit for the so-called sub-Doppler cooling
is proportional to the recoil energy kT ~ hw.... But even the limit of one photon recoil
was underscored with techniques based on “dark resonances’ [33] or “Raman cooling”
mechanisms[34].

The importance of laser cooling and trapping was acknowledged in 1997 when the
Nobel Prizein Physics was awarded to Steven Chu, Claude Cohen-Tannoudji, and William
Phillips for extraordinary work in the area of laser cooling and trapping [ 35, 36, 37].

In this chapter, wewill derivethe basic formulas that lead to thetrapping forceand, in
addition, give some details on the possibl e trappi ng con[gurations. Concluding, the reader
[hds a brief selection of possible applications of atomic traps and some of the interesting

physics experiments that can be performed with the help of optical traps.

2.1 Light-Atom Interaction

2.1.1 Basic Considerations

Laser cooling of free atoms is based on the principles of light-matter interaction, well de-
scribed by QED. The numerous degrees of freedom present i n the complex cooling schemes
do not allow theory to present a complete and detailed description of optical cooling and

trapping. Especially a 3-D model of the commonly used MOT still needs to be developed.
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Nevertheless, theory has succeeded in describing the basic cooling scheme by using clever
assumptions and simplications. A brief description of the mean force model isgiven here,
while amore detail ed treatment can be found in [38].

Following the notation used in [39], the total Hamiltonian of the combined system

can be written as
H = Hatom + Hfield + Hz‘nt 5 (23)

where H o, H fie14, and H;,,, are the atom, Celd, and interaction Hamiltonian. In the weak
[l d assumption the vacuum [CEld and the atom-vacuum interaction can be neglected.
The Hamiltonian for atwo-level atomis

2

Hororm = 2= + Hogh' | (2.4)
2m

where p is the atomic momentum, m is the mass of the atom, wy, is the transition frequency
between the ground and the exited states |g) and |e), while b=|e)(g| and b= |g) (e| are the
atomic raising and lowering operators. If the photon momentum is small compared to the
atomic momentum, the kinetic energy term in (2.4) remains approximately constant and
might be neglected, which isknow asthe Raman-Nath approximation [39].

The Hamiltonian of alight Celd with asingle laser mode L is given by
Hyiera = ﬁwLaEaL ) (2.5)

with aTL and a, being the creation and annihilation operators for aphoton with energy hwy.

Finally, inthe electric dipole approximation [39]

Hmt = —dEL(T) s (26)
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where d = dgee.(b + b') is the eectric dipole moment of the atom and e, delhes the

alignment of the dipole.

2.1.2  The Optical Bloch Equations

The dynamics of the atom is described by the Liouville equation for the reduced density

matriX o. Inthe interaction picture this can be written as

b= —% H,o] . 2.7)

If thelight Cield is treated semi-classi cally, which requiresthe modication of thelight Celd
to be small by individual absorption and emission processes, the light [Celd Hamiltonian
may be neglected. In the case of an atom interacting with a free propagating laser, this
is a good assumption since the number of photonsin the light Celd is large compared to
the number of absorbed and emitted photons. Using the Raman-Nath approximation the

resulting Hamiltonian can be written as
H = hwob'b — d - Eo(r) coslwrt + ¢ (r)] . (2.8)

The density operator for the atomic state o is given by the trace over the [Eld states f of

the density operator for the combined system p;

o =Tt (p), (29)

or in matrix form

oij=(ilo|j)=> GL|p|Lj)= ZPZLJL (2.10)

L
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The time dependence in (2.8) is eliminated by transforming into a rotati ng frame by substi-
tutingd

-~ _ —ith ~ _ ith -~ _ -~ .
Oge = Oge€ , Teg = Teg€", Ogg = Ogg, Tee = Oce - (2.11)

Spontaneous emission is included by adding damping termsto (2.7). Since the population
of the excited state o.. decays at a rate I' (where 7 = 1/I" is the spontaneous life-time)
and the coherences o, and o decay at arateI' /2, the damping terms have the following

form:

d

T, Vee = I ee 2.12

prid ) o (2.123)
t (2.12b)

Oeg

d

&

d
d
d = 0. (2.12d)

—0ge

dt

(),
(@),
(_ )sp _ L (2.120)
(),

Another change of variables]

U= ot Geg) 0= (Gt eg) /2, andw =5 (G — 5y (2.13)
|eads to the optical Bloch equationsl]
: 1
u = _EFU + Av (2.1449)
Vo= —Au-— %Fv — Quw , (2.14b)
w = Qu-T <w + é) . (2.14¢)

The steady state solution of the optical Bloch equations is

A S

Ug = =

Q19
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T s
T 5011 S)”
11

2(1+5)°

Wst =

(2.15)

where S = 30?/(A?+41"?) isknown asthe saturation parameter and 2 is the on-resonance

Rabi freguency.

2.1.3  Light Forces

These general results are now used to determine the mean force on an atomin alight Celd.

The force on an atom due to a perturbation H;,; isgiven by Ehrenfest’s theorem,
F = ((i/h)[Hint, P]) = (= VHint) = (d) V{Eg cos(wit +¢)} - (2.16)
We [nd by using equation (3) that the time-averaged forceis
(F) = dge(ust VEy + vt EoV @y) | (2.17)

where u, and vy are the steady state in-phase and quadrature components of the atomic

dipole moment. The force hastwo components. The (st term
Fdip = —dgeustVEO s (218)

isproportional to the gradient of the Celd and is known as the gradient force or dipole force.
The dipole force arises from the redistribution of photons in the light [eld by absorption

and stimulated emission cycles. The second term,
Fspont = _dgevstEOVQbL ) (219)

isproportional to the gradient of the phase and is known as the radiation pressure force or

spontaneous force because it arises from absorption and spontaneous emission cycles.
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The physical meaning of F,.: is particularly clear for a plane wave, where the
gradient of the phase is equal to the k-vector. With the delhition of the Rabi frequency
Q(r) = —e, - e(r)dgEy(r)/h and the steady state solution of the optical Bloch equations,
the steady- state spontaneous force becomes

r 02/2

Fet = hk— 2.20
sporit PO AT A+ 22 (2.20)
or (with the Rabi frequency re-written in terms of laser intensity, Q =T"\/1/21)
r 1
F$t . = hk,— 2.21
spont Lo T+ I,(1+ 4A2/T2) (2:21)

where I, = he/7)? isthe saturation intensity. Thisformnow clearly showsthe dependence
of F;;m on the various parameters. At low intensity the spontaneous force is proportiona
to the intensity. At high intensity, the force saturates at hkLg. Even though the photon
momentum #k;, is small, the radiation pressure force can be substantial (~10° times the
earth’s gravitational force) because of the scattering rate I' (typically 10° s~*) being large.
We notice that the velocity dependence appears through the detuning resulting from the
Doppler shift, A = wr, — wo — k- v, were v is the velocity of the atom. The velocity
dependence allows laser cooling and trapping.

Thedipole force Fijf,

ari ses from a coherent redistribution of photons within the light
[l d. This becomes clear if one uses the expression (2.15) for u,, and re-writes

gt _ _BA QVQ
9 A2 T2/4402/2°

(2.22)

For a plane wave, the amplitude and the pol arization of thelaser [eld areindependent

of r sothat V) vanishes. It follows that F3!

14ip = 0 for aplane wave. The dipole force can

only appear if the laser [l d is a superposition of severa plane waves. On the other hand,
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since the dipoleforce is associated with thereactive response of theatom, it cannot involve
a net absorption of energy. Therefore Fd?p is associated with the redistribution of photons
between the various plane waves that form the laser [l d.

We a so noti ce that, unlike the spontaneous force, the dipole force does not saturate.
For w;, < wp theatom is attracted towards regions of high intensity and for w; > wq the

atom isrepelled.

Finally, note that the dipol e force derives from a potentia U since we can write

Fj& =-VU, (2.23)
where
hA : 0%/2
Ur) = Tln 1 —l—m (2.24)

2.1.4 Deceleration of an Atomic Beam

Atomic beam deceleration was the [Tst experimental investigation of laser cooling and
trapping inthemid 1980s [10, 11] and stimul ated the following steps of atom manipulation.
The basic scheme (see Figure [1]) uses the spontaneous force to reduce the velocity of
a thermal atomic beam with a counter-propagating laser beam. A [ed-frequency laser,
however, is only resonant with a narrow velocity group, leaving the velocity of most of
the atomsin the atomic beam unchanged [40, 41, 42]. To overcomethis limitation several
techniques were devel oped, the most i mportant ones are known as “chirped dowing” [11]
and “Zeeman dowing” [10]. In case of chirped dowing, the laser frequency is swept in
time to compensate for the changing Doppl er shift and so that the atoms stay in resonance

and keep absorbing photons. Zeeman slowing modilkes the atomic transition in space by



2 Cooling and Trapping of Neutral Atoms 16

Hot Thma]
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Laser
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1. The basic principl e of atomic beam decel erationisshown. A sampleof atomsis evapo-
rated from a hot oven and creates an atom beam. Since the hot atomstravel with vel ocities
of several hundreds of meters per second, one needs to decelerate the atomic beam prior to
loading them intoatrap. A counter-propagating, near resonant laser beam d owsthe atoms
down, thusincreasing the ef Cciency of the loading process.

adding an inhomogeneous magnetic [eld whi ch shifts the energy level of the atom by using
the Zeeman effect to keep the atomsin resonance.

The chirp method has a pulsed nature since, at the end of the sweep, the laser fre-
guency is set back to the start frequency to restart the next sweep. As a consequence, the
gpatia distribution of the atomic velocities at the end of each sweep tends to be rather
complicated, a consequence of the different stopping distances of different initial veloc-
ity classes and the different drift periods during individual sweeps. The advantage of this
method isof coursethe smplicity of theimplementation, sinceramping thelaser frequency

generally iseasily accomplished.
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Zeeman slowing, on the other hand, requiresawell-designed magnet, especially since
the fringing [CEld at the end of the magnet is critical for the width of the [Chal velocity
distribution. A sharp rise in the magnetic [eld strength at the end of the magnet reduces
the width of the velocity distribution, but results in a higher peak temperature than chirp
dowing, while a smaller dope in the magnetic [eld amplitude increases the width of the
velocity distribution.

Nevertheless, chirped slowing and Zeeman dowing both have been used to load

atoms from an atomic beam into optical traps with reasonabl e ef (ciencies.

2.1.5 Del ection and Collimation of an Atomic Beam

Delkection of an atomic beam with resonant laser light can be compared to the mass separa-
tion of ionscommonly used to enhanceisotopic purity. The mass separation devicefor ions,
typically amagnetic sector [EId, isreplaced with alaser beam in the case of neutrals, since
the laser light affects only the atoms that feature an atomic transition in resonance with the
laser light [&ld. Thus, atoms which are inresonance with the laser light are delJected from
their original beam path, while atoms that do not feature a transition in resonance with the
light Celd are not affected at al (Figure[2]).

The need for collimation of an atomic beam arises whenever one has to increase the
phase space density of the atoms. Theidea hereis to compress the spatial and velocity dis-
tributi ons of the atoms by using resonant laser light. Typically, an atomic beam is produced
by heating a sample of atoms in a hot oven which leads to a thermal beam of atoms that

leave the oven through the exit hole. Since this beam is rather divergent, one often uses a
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collimator to cut down the divergence of the beam but at the price of loosing alarge frac-
tion of the intensity. The availability of high power lasers enables the collimation of the
atomic beam by using the light pressure without loosing large amounts of the atoms.

Detalled studies on the collimation of atoms with laser light have been published
[43, 44] and have led to large improvements in loading rates of cold atoms into optical
traps. However, with the development of optical traps | oaded with atoms directly from the
alkali vapor in the trapping cell [45], beam decd eration and collimation of atomic beams
have lost some of their importance.

() (b)

ilahad

| e -
BRG]
b=y [

L=

2.Basic atom-light manipul ation schemes are shown. Atomic beam delkection with laser
light (a) and atomic beam collimation (b) have been investigated in great detail and are
commonly used to mani pulate the phase space density of the atomic beam.

2.2 Optical Traps for Neutral Atoms

The conChement of free particles has been an experimental goa for a long time. The

experimental reali zation of ion traps by Paul et al. [46] in the 1950s soon raised the question
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> e *

3.Focussed | aser beam conlguration used in a dipole force laser trap [52].

for neutral atom traps. The concept of magnetostatic trapping of neutra particles was
[rst proposed and realized for the neutron by Paul [47] using a geometry suggested by
Heer [48]. The [rst magnetostatic trap for neutral atoms was a magnetostatic spherical
guadrupol e trap for Na, demonstrated at NIST [49], while the kst magnetodynamic (ac)
trap was demonstrated at JILA [50]. The “second generation” version of thisac trap Chally
led to Bose-Einstein condensation. A comprehensive overvien of magnetostatic trapping
conguration for neutral species can be found in [51].

While magnetostatic and magnetodynami c traps have been the cornerstones for trap-
ping neutral atoms, optical traps are usually smpler to implement and offer a deeper trap-
ping potential. However, in some cases (e.g. BEC and -asymmetry measurements), the
atoms are cooled in optical traps, but need to be further cooled and stored in magnetic traps

and therefore, a combination of optical and magnetic traps is required.

2.2.1 Dipole Force Traps

A second kind of trap widely used in atomic physics experimentsis the dipole trap. In this
type of trap the dipole or gradient force is combined with the radiation pressure force. The

design of such atrap is shown in Figure [3]. Two slightly focussed counter-propagating
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laser beams with Gaussian intensity prolles are used in such a way that their foci are
dightly separated. The frequency of the laser light is below resonance, so the dipole force
conlhes the atoms (the ground state light shift is negative so atoms are drawn towards the
axis where the intengity is highest). In addition, the scattering force produces axial con-
Chement because atoms moving away from the equilibrium point midway between thetwo
foci experience anincreased intensity in one beam compared to the other. The intensity im-
bal ance resultsin a net scattering force that pushes the atoms back towards the equilibrium
poi nt.

Unfortunately, such atrap both cools and heats the atoms. Doppler cooling reduces
thekinetic energy of thetrapped atoms, but two associ ated heating mechani sms destabilize
such traps. The [rst effect is the heating ari sing from the random direction of both absorp-
tion and spontaneous emission of light which causes [Cuctuations in the scattering force.
More important at high intensity is the heating associated with Cluctuations in the dipole
force which is best explained in the dressed atom picture [27]. Brielly, [luorescent decay
from an excited state may leave the atom in a state where the optical forces have opposite
signs. Thustheatom experiences Cuctuating forcesthat are not correl ated to the atoms mo-
tion and therefore heats the atoms. These [Cuctuations do not saturate with intensity and
hence cannot be compensated by increasing the trap depth. The result is that atoms are
continuously boiled out of such traps.

Detailed studies of such traps have been performed by Gordon and Ashkin [28]. The
st reported optical trap used an alternating (on the micro-second time scale) dipole force

trap that conChed and heated the atoms and an optical molasses setup that cooled the atoms
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before they could escape. This version had the simplest possible con[guration, a single
tightly focussed laser beam whose bright focal spot attracted the atoms and an optical
molasses setup to cool. Typical experiments performed in such traps are studies of cold

atom collisions.

2.2.2  Radiation Pressure Traps

Trapping of neutral atoms requires a posi tion-dependent force directed towards the center
of the trap. Conlgurati ons with the laser beams directed to a common center with the laser
frequency tuned to the resonance of an optical two-level transition of the atom are excluded
by the “ optical Earnshan” theorem. The optical Earnshaw theorem states that the gradient
of the scattering forceis zero,V F . = 0, analogous to theforce on acharged particleinan
electric(Eldwhere VF = ¢VE = 0. If VF = 0insde some sphere thenit isnot possible
for I to have inward components everywhere on the surface of that sphere. Therefore, it is
not possible for F' to conChe particlesin all three dimensions. A very detailed discussion
with exact proofs of several “no-trapping” theoremsisgiven by Chuin [36].

Several ideasto “overcome’ the optical Earnshaw theorem by employing [l dswith
alternating gradients (similar to the rf traps for charged parti cles) were investi gated without
being very successful due to the very shallow trap depths associated with the alternating
[ d gradients. Theimportant i deawhich led to the magneto-optical trap (MOT) camefrom
Pritchard et al. [53] who realized that the spontaneous force needs not to be proportional to
the intengity if an additional magnetic [eld shiftsthe atomic level s of the atom and at |least

four levels of the atom are considered.
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The basic principle of aMOT is easily understood in asimplilled 1-D con[guration.
The mechanism to defeat the optical Earnshaw theorem is shown in Figure [4]. The key
ideaisthat amagnetic [ld in the z-direction shiftsthe energy levels of the excited states
with the magnetic sub-statesm = +1 and m = —1 in opposite directions, thereby shifting
the peak of the cross-sections for the absorption of o™ and o~ circularly polarized light
to opposite sides of the resonance frequency (the circular polarization is needed to take
advantage of the selection rule Am = +1). If the laser light is dightly detuned to the red
of the trangition an atom located at z > 0 will experience a net force toward the center
of the trap since the cross-section for absorbing o~ polarized light is much larger than the
crosssection for absorbing o™ polarized light due to the shift of the resonance frequency by
the magnetic [=ld. The situation is reversed for an atom at z < 0 since the magnetic [eld
reverses sign at the origin, therefore reversing the sign of the net force on the atom. Since
the red detuning provides optical cooling this con[guration represents a one-dimensional
optical trap.

The MOT was [Ist demonstrated by Raab er al. in 1986 [9] and has seen severa
modi[cations over the years. There is no general theory of the 3-D MOT in a redligtic
conlguration. Consequently, we do not understand why the MOT, as indicated by several
observations, seemsto function even when some of the polarizationsdiffer from the cong-
uration described inthe 1-D model . I n addition it has been shown that adight misalignment

of some of the laser beams cause the atoms to be somewhat pol arized [ 54].
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4. AnaominainhomogeneousEld B, (z) = bz isilluminated by circul arly polarized o~
light propagating in the — z direction. The atom hasa S, ground state and a P; excited state.
At z = 0, in the presence of no magnetic [Eld, the atoms absorbs equa quantaites of o~
and o polarized light. When the magnetic Celd is greater than zero the atom absorbs more
o~ than o+ photons, thus the atom experiences a net force toward the origin. Similarly,
at aposition where the magnetic [Eld is less than zero the atoms absorb more o+ than o~
photons, again resulting in a net force towards the center. The laser frequency 7w is red
detuned to provide optica damping asin optical molasses.
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2.3 Applications of Laser Cooling and Trapping

In the early years of optical cooling and trapping, the focus of the work with traps was
the cooling process of the trap itself and related measurements [55, 45, 56, 57]. Those
measurements | ed to the discovery of sub-Doppler temperatures in the trap and a variety of
col d-collision measurements with trapped atoms. Only in recent years the neutral atomtrap
became recognized as a tool to produce cold, relatively dense and well localized samples
for high-precision measurements in the area of atomic and nuclear physics. Here, a brief
summary of interesting proposed and already realized experiments is given which use an

optical trap as atool rather than studying the trapping processitself.

2.3.1 Bose-Einstein Condensation

The arguably most exciting discovery in the area of atomic physicsin recent yearsisthe re-
alization of Bose-Einstein condensation (BEC) in adilutealkali vapor. About 70 years ago
the stage was set by Einstein [58] when he predicted, based on work by Bose [59], that at
extremely low temperatures a phase transition would occur. Researchers across the globe
tried for decades to achieve this goal, mostly by cooling hydrogen atoms to extremely low
temperatures. It took the development of anew technology, optical cooling and trapping,
to achieve temperatures |ow enough to make BEC in a dilute vapor seem feasible. 1n 1995,
researchers at the University of Colorado in Boulder cooled a dilute gas of Rb atoms to
temperatures of about 180 nK and densities of 2.5x10'? atoms per cm?® [15]. Shortly there-
after, agroup at the M assachusetts Ingtitute of Technology reached equivalent temperatures

and densities for a sample of Naatoms [16].
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In both cases, the atoms are [Tt loaded from the vapor into a MOT in which tem-
peratures of afew 1K, and densities of ~10'° atoms per cm? can be achieved. The density
of the trapped atom cloud in aMOT islimited due to re-radiated photons absorbed by the
atoms in the trap itself. Thus, at this point a different type of trap has to be used which
does not need the presence of laser light to conChe the atoms. Various kinds of magnetic
traps have been developed to conChe neutral atoms [51]. In the absence of the laser light,
the trapping potential is created by the interaction of the magnetic [leld with the magnetic
moment of the atom. Hence, atoms can be stored and further cooled. Unfortunately, mag-
netic traps with a vanishing magnetic [eld at the center, e.g. magnetic quadrupole traps,
allow Magjorana spin-Lip transitions to occur in the zero magnetic Celd region which al-
low the cold atoms to leak out of the trap. While traps with a non-zero magnetic [eld
at the center have been used for several years, these kind of traps suffer from a less tight
conChement potentia than quadrupol e traps. As aresult the density of the atom cloud de-
creases which hinders the presence of the condensate. At the University of Colorado, Eric
Cornell and co-workers developed a magnetic trap which avoids losses due to Mgjorana
spin-LCips and features a very tight conChement potential [60]. Thisnew type of magnetic
trap uses a quadrupal e potential which guarantees tight conChement of the atoms, whereas
arotating bias [l d plugs the leak typical for quadrupole traps. The trap has been called
TOP (Time Orbiting Potential) trap and it represents not only a very elegant solution to
achieve extremely long life-times in a magnetic trap but shows very desirable features for
high-precison measurements as well. With this new tool in hand to keep atoms trapped for

hundreds of seconds, further cooling processes can be used to lower the temperature of the
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trapped atoms. The use of a technique called “evaporative cooling” [61] has proven to be a
very ef (cient way to cool the ensemble of atomsto much lower temperatures and increase
the density dramatically, while loosing only asmall percentage of the trapped atom cloud.
Atthetemperaturesand densities menti oned above, a sharp deviation fromthetypical
Gaussian velocity distribution appears, indicating the creation of a BEC. Atomsin aBEC
form a new state of matter which now can be studied. As aresult of those achievements
many groups around the world now use BEC’s to study fundamental quantum mechanical
behavior such as two BEC interferometry, the atom laser, and the properties of the BEC

(i.e. the speed of sound and collective excitations of the BEC).

23.2  Atomic Parity Non-Conservation

Atomic Parity Non-Conservation (PNC) experiments probe the Standard Model of elec-
troweak interaction by measuring the parity violating effects that arise from the exchange
of a Z° particle [62, 63]. Historically, atomic PNC experiments are divided into two cate-
gories. Stark interference experiments and optical rotation experiments. Detailed descrip-
tions on both types of experiments can be found in the literature [64, 65, 66, 67].

Recently, an extremely impressive experiment was published that measures PNC at a
precision of 0.35% using the Start interference approach to measure the 65 — 7.5 excita-
tion ratesin atomic Cs [68]. This measurement represents the most accurate measurement
of atomic PNC to date, and provides a unigue, high-precision test of the Standard Model.
The experiment uses a spin-polarized atomic beam to perform the measurement and, in

general, pushes the limits in a variety of techniques used in laser technology. Also, it has
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taken some 7 years to improve the previous measurement in atomic Cs by a factor of 7.
The experimental accuracy is higher than the model dependent theoretical predictions due
to uncertaintiesin the atomic structure (namely the uncertainty in calcul ating the v, matrix
element) [63]. It remains to beseenif theory can match the phenomenal accuracy achieved
in atomic Cs.

A possible solution to this unsatisfying situation could be the implementation of ra-
tio measurements of atomic PNC amplitude in a series of Cs isotopes to minimize the
uncertainties in the atomic structure [ 18]. However, these measurements would invol ve ra-
dioactive atoms, and consequently would have to be performed in atrap to compensate for
the much smaller ssmple size. Neverthel ess, the realization of an ef[ient trap for radioac-
tives, asoutlined in thisthes's, and the avail ability of athe Csisotopesof interest could lead
to sizable improvement in the measured accuracy, as well as a signillcant ssimpliCkcation in
the theoretical cal culations of the atomic structure effects.

Also, one might envision a PNC measurement in Fr since the atomic PNC amplitude
is predicted to be enhanced by a factor of 18 due to the larger atomic number (o< Z3).
In Fr, however, the situation is more complicated due to the lack of stable isotopes and
one is dealing with the limitations imposed by the necessity of working with radioactives.
Nonethel ess, our setup could be used for trapping radioactive 22! Fr atoms, because of the
existence of a strong 22°Th source (which feeds 22 Fr through the A = 4n + 1 alpha-decay

chain [69]) and is compatible with our existing setup.
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2.3.3  Nuclear 3-decay Measurements

The reason that nuclear physicists are excited about optical traps is based on the fact that
atomsin such atrap provideanearly idea system for the study of electroweak interactions.
Four decades have past since the [rst suggestion by Lee and Yang that parity could be
violated in the weak interaction [1]. Shortly thereafter, parity violation was discovered in
the 3-decay of %°Co by Wu et al. [2] who measured the el ectron-spin correl ation function
(A) with aprecision of about 10%. Animproved version of the same measurement hasnow
reached a precision of about 2% [3].

Today, maximal violation of parity, and also of charge conjugation symmetry is de-
scribed by the standard model, vector - axia vector (V-A) interaction between leptons and
quarks. Nonethel ess, the nature of these helicity couplings is derived from empirical mea-
surements and the standard model offers no fundamental understanding of the origin of
these symmetries and how they become broken at energy scales probed by modern ex-
periments. Modern gauge theories imply that spontaneously broken symmetries (such as
parity) are restored at higher energy scales. Low energy physics experiments that exploit
nuclear 3-decay continue to offer ameans to probe the fundamental origin of parity viola
tion and, more generally, the helicity structure of the weak interaction.

Precision measurements to study parity violation in nuclear 5-decay rely on the po-
tential deviations from the standard model that would occur beyond the ssimple V-A struc-
ture coupling of quarks and leptons. Consequently, these experiments provide a general
probe of the helicity structure of the weak interaction. Parity violation is observed in nu-

clear 3-decay as an asymmetry intheangular correlation of the emitted 3-particles rel ative
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to the nuclear spin orientation of the parent nucleus. Measurements of this electron spin
correlation (A) have been made in ahost of nuclei over the past forty years [70]. Modern
experiments typically achieve a senditivity to deviations from the standard model predic-
tions at thelevel of ~1% [4]. Hence, it has taken four decades toimprove the sensitivity of
such measurements by an order of magnitude. Therefore, the design of a new generation
of experiments with a sengitivity of 0.1% is extremely challenging.

To date, thereis no clear evidence for deviations from the standard V-A structure
described by the standard model. Nonetheless, it is widely believed, that the standard model
isincomplete and representsonly alow-energy approximation to amorefundamental grand
uniCed theory of the forces of nature. Consequently, new physics beyond the standard
model can be found by pushing the sensitivity of modern experiments further. So far,
modern experi ments study these couplingsin purely leptonic (such asin the case of muon
decay) or purely hadronic interactions (probed mainly at high energy hadron accel erators).
These experiments are complementary with studies of semileptonic interactions, such as
in the case of nuclear 5-decay. A family of such experiments is ultimately required to
under stand the helicity structure of the weak interacti ons between quarks and | eptons.

The natural candidate for studying fundamental symmetries in nuclear 3-decay is
the free neutron, mainly due to its simplicity and the lack of complications related to the
nuclear structure effects inherent in heavy nucleus systems. To date, four modern experi-
ments have claimed a sensitivity of about 1% in measuring A in neutron (3-decay, although
experiments di sagree among themselves by as much as 5%. Clearly, the resolution of this

discrepancy can only be achieved in new experimentswith sensitivitieswell beyond the 1%
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level. Itisaso clear, that if we are to establish delhite evidence for new physics in such
experiments, then it will be essentia to verify any [hdings in experiments independent of,
but complementary to, experiments expl oiting the free neutron.

It iswell known, that pure Gamov-Teller (GT) transitions are well suited to study
parity violation in nuclear 3-decay. The pure GT transitions proceed solely through the
axial-vector coupling responsible for parity violation. The nuclear form factors and matrix
el ements that govern the transition rates cancel in a prescription for the correlation coef-
[ients of interest. Historicaly, studies of the pure GT transitions have been limited by
the lack of good candidates, namely reasonably long-lived species appropriate for off-line
sources and the fact that many of the pure GT candidates are hindered trangitions. In nu-
clear orientation experiments, such as %°Co, we [hd that these experiments are limited at
the 2% level of precision due to the fact that implanted samples have limited nuclear po-
larization and (3 scattering effects when exiting the solid source. In addition, nucl ear recoil
effects in heavier atoms limit the ultimate precision of such experiments where one relies
on theoretical calculations of the size of these effects (typically on the scale of ~1%). It
isnow possible, to envision anew generation of pure GT experiments with the potential to
reach the 0.1% level by exploiting magneto-optical traps for radioacti ve atoms.

The successful trapping of large numbers of 3?Rb atoms in a magneto-optical trap as
reported in this thesis is the forerunner of this new generation of fundamental symmetry
experiments. 82Rb, apure and allowed GT 3-decaying nucl eus, has the appropriate atomic
structure and lifetime (t1/2 = 75 s) to beinvestigated in atrap. We are proposing to mount

a experiment to measure the € ectron-spin asymmetry (A) from polarized 2Rb in amag-
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netic TOP (Time-Orbiting-Potential) trap [60]. In this case, an essentially massless source
of highly polarized atoms can be envisioned that is conChed to atrapped cloud size of about
1 mmin diameter. Animportant feature of the TOP trap isthat the nuclear spin vector ro-
tates in the equatoria plane falowing the magnetic bias [eld as it rotates. Consequently,
we intent to explore both the point-like geometry of such a masd ess source and the “ro-
tating” nuclear pol arization vector to measure the el ectron-spin correlation as a continuous
function of el ectron energy and angle rel ative to the nuclear spin orientation in asingle and
[xed electron detector.

This ssmple geometry has important advantages in contraling and limiting system-
atic errors. Also, (-scattering effects associated with the [hite sample size are effectively

reduced. A B-nuclear spin asymmetry function can be deChed[]
X(E,©) = AP((FE)cos© (2.25)

where F isthe electron energy, 3(F) isthe e ectron vel ocity rel ative to the speed of light,
O is the angle between the e ectron momentum vector and the nuclear spin vector, and P
isthe pol arization of the parent nucleus.

In the case of 2Rbwithitstwo 3-decay branches (17 — 01, and 1+ — 2%) thestan-
dard model predicted valuesfor A are +1 and —%, respectively. Also, the spin-polarization
of the trapped sample is extremely high, since only the weak [eld seeking spin-states are
trapped whilethe strong [eld seeking spin-states arerepelled. It is also been shownthat the
popul ation of the atomic spin states can be measured using optical pumping techniques to
high precision [68]. Consequently, the global polarization P depends mostly on the prop-

erties of the magnetic bias [Celd. InaTOP trap, the global polarization at any given instant
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in time iswell above 95% and known through measurements to better than 0.1%. Thus,
the asymmetry function is maximized for the 1t — 0" transition and still large, but with
the opposite sign for the 1T — 27T transition. The analysis of the spectrum of these two
transitions will enable a good cross check for our measurement.

Secondly, the large number of atoms trapped will produce a high count rate in the -
detector. Following smple statistical arguments, onewould require about 150,000 detected
(-decay events in order to determine the electron spin correlation function to a precision
of 1%. Given aredistic detection geometry, these counting statistics could be achieved in
one hour with one million trapped atoms. In amulti-day experiment, a 0.1% measurement
could be obtai ned.

And lagt, but certainly not | east, by taking advantage of the TOP-trap, the asymmetry
function (2.25) can be mapped out i n a conti nuous fashion be recording the el ectron energy
on an event-by-event basis and reconstructing the angle based on knowl edge of the spin-
orientation (or magnetic Celd conCguration) at a particular instant in time. Not only will
the continuous measure of the asymmetry function enable good systematic cross checks
of the measurement, but our hope i sto simultaneously extract the recoil order contribution
through their higher order (such as cos? # dependence) angul ar correlation contributionsto
the distribution.

In conclusion, with the successful trapping of a large number of 82Rb atoms, and
the design stage of the nuclear 5-decay experiment completed, we are well positioned to
implement the magnetic TOP trap for anew generation of high-precision 3-spin correlation

experi ments.



Chapter 3
The Making of a Radioactive Ion Beam

Thedetail ed i nvestigati on of radioactiveisotopes hasthe potentia to answer avariety
of questions in the area of nuclear and particle physics, ranging from nuclear structure
Investi gationsto the search of not yet di scovered el ementary particles. Radioactiveisotopes
are produced at accelerator and/or nuclear reactor sites, using a variety of reactions. Due
to relatively low accelerator beam currents and/or small production cross sections, only a
limited number of radioactive atoms are created, thus ef[tient ionization, mass separation
and transportation to the experimental setup is essential to achieve large quantities of the
species of interest. Additional compli cations arise for the production of short-lived (¢, , <
100 ms) isotopes, in which cases the target has to be part of the mass separation device.
However, because of the interesting physics results obtainable, alarge number of |sotope
Separators On-Line (ISOL) have been built to serve as production facilities for radioactive
I sotopes despite the technical dif (culties involved.

While most of those experiments are mounted at radioactive beam facilities, e.g.
ISOLDE and now REX-ISOLDE a CERN, FRS a GSI, TISOL at TRIUMF, and many
others, we have designed and built a single stage mass separator at Los Alamos, which
has the potential to serve as a production source for a variety of isotopes with a sufcient
long half-life or a long lived parent. Such isotopes as 82Rb, 22'Fr, and 3513"Cs which

can be trapped optically and are interesting candidates for a variety of fundamental el ec-

33
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troweak interaction measurements such as nuclear (3-decay, atomic parity nonconservation,

and el ectric dipole moment measurements.

Here, | will report on the devel oppment of the single-stage mass separator, the design
and optimization of the thermal ion source, and the release studies performed on severa
catcher foils, mounted internal to the Magneto-Optica Trap. The layout of the mass sepa-

rator isshownin Fgure[1].

3.1 The Sample Preparation

The experiment described here does not require an on-line setup, since the radioi sotope
of interest can be obtained from the decay of the long-lived parent. Our choice for the
[-decay experiment is 82Rb (5 -decay) with a half-life of 75 s. Its main decay channel
1T — 07(86%), aswell asthe 17 — 27(13%) decay to ¥2K are both pure Gamov-Teller
transitions. Also, the 1™ — 27 decay isfollowed by the emission of a776 keV ~-ray which
allows, by analyzing the angular distribution, for a cross-check of the polarization of the
trapped atom cloud. The relatively long half-life of 82Rb is well suited for an optical trap
based experiment, and the avail ability of the long-lived parent S (t1/2 = 25 d) Simpli-
(s the experimental setup considerably. 82Sr is produced at several accelerator facilities
worldwide and iscommonly used in medical y-ray imaging procedures. We obtain the 82Sr
activity from the Los Alamos Medical Radioisotope Production Program. 32Sr is produced
for the manufacture of 82Sr / 82Rb medical generators. In detail, molybdenum targets are
irradiated with 800 MeV protons at the L os Alamos Neutron Science Center (LANSCE).

After receiving an integrated current of up to one ampere-hour the targets are dissolved in
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1 The layout of the mass separator is shown. While the mass separator is drawn to scale,
theion source regionis magniCed by afactor 10. The cut out shows the cubic trapping cell
in more detail. At the entrance of the trapping cell, a collimator is mounted which allows
the beam current to be monitored. High transmission is veriCled by minimizing the ion

beam current on the cadlimator and maximizing the beam current measured at the catcher
fail.
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hydrogen peroxide and processed using iorn-exchange techniques to recover curie quanti-
ties of strontium radioisotopes. Typically equal quantities of 32Sr and % Sr are produced
inanirradiation. Prior to loading the activity into theion source of the mass separator the
strontium is converted to the carbonate by precipitation usng ammonium carbonate. The
strontium carbonate is washed with ethyl alcohol and transferred to a pipette tip. After
being dried it is vibrated into the crucible using a commercially available engraving tool.
Because signilcant quantities of activity are handled in this procedure, al operations are

performed in one of the Los Alamos Hot Cells.

3.2 Thermal Ion Sources - Theory of Operation

Any hot enclosureisathermoionizing device regardless of shape or material. Thus, thermal
ion sources are in principle very smple devices. Neverthel ess continuous i mprovements
both in the theoretical understanding and the experimental operation of these devices have
been made since the early 20s.

Around 1920 Saha derived equation (3.26) for the understanding of stellar atmo-
spheres[71], especially to interpret the spectroscopic data availabl e from the solar chromo-

sphere. He found that the ioni zation efCtiency 7 is given by

&

()
n = (1 - 7) (3.26)

3
2

where v o= 2— (2rm/h?) (kT) exp (W;/kT) (3.27)

P~
= 6.67x10" < ) mbar] ] eXp( 11605Wiev) /Tixq)
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where %g is the ratio of the statistical weights of the ionized and neutral particles respec-
tively, P isthe pressure in mbar, 7' is the temperature in Kelvin, and W; is the [t<t ion-
ization energy of the sample. Five years later Langmuir and Kingdon [72] applied Saha's
equation to the ionization of cesum vapor at a tungsten surface of 1200 K. Instead of the
predicted 0.1% ionization ef(ciency from Saha's equation the measured ionization ef(+
ciency was roughly 100%. The authors immediately found the reason for the discrepancy.
The assumption of quasi-neutrality n. ~ n;, which leads to Saha's equation is not correct
in this case. Instead, the electron density is determined by Richardson’s law. As aresult

Langmuir and Kingdon found the ionization ef[ciency (5 of ahot surface to be given by

= (3.28)

O;

where a= (—Z> exp (¢ — W) /KT (3.29)

0o
where ¢ is the work-function of the surface ionizer. Equation (3.28) was exclusively used
for the next 50 years to determine the ionization ef(ciency of hot surface ionizers. In the
early 70showever, groupsin Livermore[ 73] and Dubna|[74] investigated high temperature
cavities for the ionization of lanthanide el ements. Again, much higher ionization efCkien-
cieswerefound than expected, but this time higher than predicted by the Langmuir equation
(3.28) and well described by the Saha equation. The breakthrough came in 1975 when La-
tuszynski and Raiko [ 75] found a dependence of the ionization ef (tiency upon the value of
the extracted ion current, which was believed to be explainable by a thermal plasma gen-

erated by the Cow of thermionic electrons and surface ionized ions into the volume of the
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ionization chamber. Finally, in 1978 Kirchner and Piotrowski proved the equation derived

in Reference [ 75] to beidentica to Saha's equation (apart from afactor of 1.47) [76].
Asaresult of the historical developments and despite the same basic ionization pro-

cess, thermoionizer will be classiCled here in two categories, depending on temperature and

con[guration due to signi Ctant diff erencesin the achievabl e ionization ef i encies.

3.2.1 The Surface Ionization Source

The (st category discussed here is the surface ionization source. Successfully used as a
source for on-line separators [77, 78] it has proven to be very reliable due to its smplic-
ity. Theion source consists of a high-temperature ionizer made of a high-work function
material such as tantalum, tungsten, or rhenium for the production of positive akali ions
(W; OO 5eV ). A verson witha LaBs ( W; = 2.6 eV ) pellet is used for the pro-
duction of negative ions following the same principle for instance at | SOLDE or OSTIS
[78, 79, 80, 81].

The general behavior of surface ionization sourcesis plotted in Figure [2]. High and
relativel y independent ionization ef[(cienciesfor W; < ¢ and a strong dependency on both
thetemperature and the ionization potential for 1W; >  are well understood and often used
for selective ionization [82].

Despite the fact that the ionization ef[ciency decreases with higher temperature, the
ionizer must be hot enough to evaporate the element of interest. On the other hand, the
diffusion process and the surface coverage must stay small enough to preserve the char-

acterigtics of the ionizer material. Thus, the contrd of these processes is the main task
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2.The theoretical ionization ef(ciency of a hot surface is plotted versus the difference
in the work-function of the ionizer material and the ionization potential of the element of
interest for atemperature range of 1000 - 2500 K

when designing a surface ionization ion source. Lifetimes of ion sources in continuous
operation can be more than 2000 h, strongly depending on the ion source design and the

characteristics of the sample to beionized.

3.2.2 The Hot Cavity Ion Source

The hot cavity ion source has proven to be extremely suitable for the on-line separation
of ultra small amounts of radioactive isotopes. Such ion sources feature high-ionization

ef (Iciencies for most of the elements in the periodic table. Evenly important, due to the
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3.Theoretical ionization ef(tiencies for elements with ionization potentials between 4
and 9 eV dueto surface ionization (3) and a*“thermal equilibrium plasma’ (). Theioniza-
tion ef(ciencies are calculated for ; /09 = 1, but are applicable for any value of /0y, if

W; is replaced by W, = W; — 0.26eV * In(0; /o). The materia dependence is due to the
different work functions of the cavity materials for surface ionization, whereasin the case
of “thermal equilibrium plasma’ the different vapor pressures of the cavity materials cause
different ionization ef(kiencies. P ot taken from Ref. [86].

small volume of the ionization chamber and the extremely high temperaturesof theionizing
surfaces, a hot cavity ion source features very short had-up times of the ions within the
cavity. The latter isextremely important f or the on-li ne separ ati on of short-lived radi oactive
isotopes [83, 84, 85].

The superiority of the hot cavity ion source is illustrated in Figure [3]. Setting ar-
bitrarily a lower limit of 1% for a minimum ionization ef(iency, one [hds that surface
ionization gives access to e ements with an ionization potential W; < 6.3 eV, including 25

~J

elements of the periodic table. Since the hot cavity ionizer is more ef[ient, asillustrated
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in Figure [3], one achieves an ionization ef [ ciency of 1% for elementsup to W; < 8.1 eV,
which puts 34 additional el ements within reach.

The higher ionization ef(ciency of the hot cavity ion source was vagudly attributed
to “volume ionization” caused by a “thermal equilibrium plasma’ within the cavity [75].
Despite the lack of any experimental evidence of such a phenomenon, it was tacitly ac-
cepted to dominate the surface ionization within the cavity by orders of magnitude. This
assumption can be associ ated with a Caw in Reference [75]. Yearslater, it was shown that
the assumption of a “thermal equilibrium plasma’ within the hot cavity is at least very
doubtful [ 76]. In the case of the standard tungsten cavity, in fact, it was proven that the as-
sumption of a thermal equilibriumissmply incorrect [86]. If one abandons the pi cture of
a plasma, which is responsible for “volume ionization”, the only ionization effect of rel-
evanceis surfaceionization. This now |leaves us with the puzzling situation that tungsten
ions are created at the surface of the tungsten cavity with an ef(ciency of 3 = 3 x 107°
but extracted from the volume with an ef(ciency of ~ 1%. The explanation for such an
obvious discrepancy is given in Reference [87].

Brielly, an atom suffers during its time inside the cavity a mean number of wall
collisons [} which is given by the ratio of inner surface of the cavity to the oril(te area
The ionization probability for each collision with the wall is given by Langmuir’ sequation.
Whenever an atom gets ionized, it has a relatively large “ trapping” probability w (typical
values for w have been measured to be between 0.1 and 1) inside the plasma formed at
high temperatures (2800 K), which is negatively charged due to a larger emission of glow

€l ectrons compared to positive ions, resulting in a negative charged ion trap from which
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positiveionscan be extracted with high ef(lciencies. Thiscan be expressed by the foll owing

equation
n/B="w (3.30)

Thus, the product [ acts as an effective “enhancement factor” to the normal surface
ionization ef [ciency given by Langmuir’s equation (3.28). A similar descriptionin the case
of the “thermal equilibrium plasma’, however, leadsto an amplillation factor N;5. Asa
general ruleone [hds Ny > [ for any hot cavity ion source, which effectively proves
the assumption of athermal equilibrium plasmato be incorrect.

More detailed descriptionsof thermal ion sources can be found in Reference [ 88, 89].
As a summary, the following recommendations are made in the literature. Despite the
fact that the theoretical ionization ef(Iciencies of hot cavity ion sources do not depend on
the work function of the ionizer material, rhenium ionizer have proven to be superior to
versions made of tungsten or tantalum. This effect is due to the Chite number of wall
collisions of the atoms that govern the “true ampli Cication factor” ['w. The good agreement
between measured ionization ef[ciencies and the predicted ionization ef(ciencies by the

“thermal equilibrium plasma” to be accidental .

*  Since the trapping probability w shows a strong dependency on the temperature of the
cavity and the density of neutral particles within, the introduction of neutral atomsinto

the cavity in the form of noble gases has proven to be advantageous.

*  The required high temperatures of 2800 K and beyond call for a compact design,

except in the case of true ISOL sources were a decoupling of the ionizer and the
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window/catcher region is necessary due to the mechanical properties of e ectrical

isolators and windows at temperatures above ~2000K.

3.3 The Ion Source - Experiment

Based on the theory and the experimental results described above, we have designed and
built a hot cavity thermal ion source, used toionizethedesired Rb isotope. At atemperature
of ~2200 K the ion source operates dtrictly in “surface ionization” mode, thus using the
large difference in the work-function of Rb and S to predominantly ionize Rb, whilethe Sr
at best leaves theion source in the form of neutral atoms. In addition, to suppress the loss
of S, the use of the carbonate allows a chemical separation to occur, since SrCO; rel eases
CO, above a temperature of 1610 K, hence after the initial “bake-out” the carbonate is
converted to the oxide (SrO), which is extremely refractory [90]. After this conversion
process and the decay of 82Sr, the remaining rubidium oxide is thermally not stable, thus
releasing the radi oactive 82Rb easily. Despite the excl usive operation as a surface i onizer it
isobvious, that the ion source has highionization ef (ciencies for alarge variety of elements
when operating in hot cavity mode.

Extremely high temperatures typical for a hot cavity ion source, require the design
to be optimized for the reliable operation in avery hostile environment. Even though the
crucible istheonly part heated to temperatures in access of 3000 K, radiati ve heati ng causes

theion source body to reach temperatures well above the melting point of stainless sted!.
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Hence, material swith extremely high melting points need to be used throughout the source.
Possi ble candidates for the ion source body are tungsten, rhenium and tantalum.

The use of tungstenis very desirable, especialy since tungsten features an extremely
low vapor pressure at high temperatures. Unfortunately, its mechanical properties are not
suitable for ordinary machining processes. Large expenses are unavoidable when rather
complicated shapes need to be machined. Rhenium, while featuring very desirable prop-
erties, very low vapor pressure at high temperatures and reasonably good machinability, is
extremely expensive, hence should only be used where its physical properties can not be
matched by other elements. Tantalum has a higher vapor pressure than tungsten, but still
withstands high temperatures well. Thematerial israther inexpensive and can be machined
using ordinary tools. We decided to design the ion source body using stackabl e tantalum
blocks. The use of severa blocks instead of one solid piece all ows easy access to the [a
ments, whi chisrather important when handling radioactive i sotopes to mini mi ze personnel
exposure.

A drawing of the crucible and theion source is shown in Fgure [4]. A technical de-
tail should be mentioned. Many ion source designs use a two piece crucible to simplify the
loading procedure. As aresult, one suffers from losses due to sampl e evaporation through
thejoint of the crucible. The design described here, eliminates those | asses atogether by
laser welding the two pieces of the crucible together before the activity is loaded. De-
spite using a nobl e gas atmosphere during the welding process, an oxide layer is formed.
However, it is been shown that baking crucibles under UHV conditions at temperatures

exceeding 2500 K removes any oxide layer that might be present. We extensively bake
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the crucible within the ion source prior to loading the activity for 24 hours. We [hd that,
this bake not only removes the oxide layer, but other contaminants, mostly potassum and
sodium, are clearly detectable at the focal point during thisinitial bake-out.

In case of Rb we usea crucible made of tantalum, for el ements with higher ionization
energies the tantalum crucible may be replaced by a tungsten or rhenium crucibl e to boost
the ionization eflciency. The crucible is heated by electron bombardment from two [a
ments. The basic principle of the hot cavity ion source was successfully demonstrated at
Dubna[74] for the separation of rare-earth isotopes. Thision source design provided high
ionization ef(kiencies, very stable operation conditions and a very small energy spread of
~0.2 eV, and consequently iswell suited to mass separators.

Key features of the ion source when operating in the hot cavity mode are

For o < W; theionization ef(ciency increases with increasing temperature of the

ionizer. Therefore the highest possible temperature of the ionizer is preferable.

The sampl e evaporation should not depend on the ionizer temperature, thus a second

Clament is used to control the vaporization of the sample.

In order to increase the ionization ef[tiency of the ion source, the crucible should
allow multiple bounces of the atom within the cavity to increase the ionization

probability of the atom.

All three aspects are fulllled in the ion source described here. The ion source, a

picture is shown in Figure [5], is designed to [1 the existing separator and it additionally
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4.A cross sectional view of the ion source body and the crucible is shown. (a) Stacked
tantalum “washer” form the ion source body and act as a heat shieldl(b) dua Clament
arrangement, the tantalum collimator (b’) between the two [Claments minimizes cross talk
between the Claments[{c) boron nitrate is used as a high-temperature i solator between the
ion source body and the current carrying tantal um conductor (d) tantalum crucible, note the

large surface area of the cavity compared to the small ori [Icel]e) tantalum conductors{f)
stainless steel hol der with K -type thermocouple.
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allows the adjustment of a variety of important ion source parameters. M ost importantly,
the temperature of the tip of the crucible is monitored directly by an optical pyrometer,
whereas the temperature of the sample is estimated by measuring the temperature of the
crucible hader with a K-type thermocouple.

Theion source design features a x-y-axis manipulator, which alowsthe exact posi-
tioning of the crucible with respect to the theoretical beam line. A trandation stage in the
base of the ion source provides an additional z-axis adjustment of the crucible, minimizing
losses in the extractor region by adjusting the spaci ng between the front of the crucible and
the ion source can, which also serves as a Lst extractor lens.

Geometrical detail sas well as typical operati on conditions of the ion source are listed
in Table [1]. After loading the radioactive sample into the crucible and installing the cru-
cible into the ion source, we perform the following tune-up procedure (a small amount of
Rb,CO; isadded for this start-up procedure.

Theionizer Oament power is raised to ~30 W which illuminates the tip of the cru-
cible. After the crucible becomes visible (for this procedure atelescope replaces the optical
pyrometer and thus all ows the in situ adj ustment of theion source/cruciblelocation rel ative
to the extractor), we [rst adjust the location of the ion source with respect to the extractor
opening. Thisis done, by adjusting the x-y trandation stage built into the ion source. Af-
ter this adjustment, the crucible and the ion source opening is centered onto the theoretical
axis of the beam path.

In a second step, we turn off the quadrupole triplet, apply the desired acceleration

voltage, and insert a Csl coated screen into the beam path (mounted at the entrance of the
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5.In the upper picture, the [rst Clament (“ionizer (a)”), and the tantalum crucible (b) is
shown. The crucible is heated by two independent Claments to allow the bombardement of
the front and the back of the crucible with little cross talk. I deally, the Clament in the front
(a) only heats the tip of the crucible, thus controlling the ionization eftiency, while the
ament in the back controlls the vaporization rate of the sasmpleldThe lower picture shows
the hot cavity ion source ion source. The crucibleis mounted into a stainless steel holder
(c) which isinserted from the back of theion source.
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Chracteristics of the Hot Cavity lon Source

lon Source Dimensions

49

Extraction hole diameter 3mm
Spacing (crucible - extraction hole) 3mm
Crucible diameter 3mm
Orti[te diameter 05 mm
Cavity depth 19 mm
Cavity volume 135mm3
Cavity surface area 193 mm?

Filament Dimensions

Filament
Filament geometry

0.75 mm diameter, Tawire
singleturn, 10 mm diameter

Filament resistance 0.3Q
Filament spacing (ionizer - vaporizer) 12 mm
Ion Source Operation Conditions

EB acceleration voltage 2500V
| onizer current 25A
Vaporizer current 20A
I onizer power 58 W
Vaporizer power 55 W
Resulting bias power 45w
Temperaures

Tiptemperature 2200 K

(measured with optical pyrometer)
Base temperature 850 K

(measured with K-type thermocouple
installed in stainless steel base)

1 Theion source parameters are shown. Note: The spacing between the crucible and
hte extraction hole is listed as 3 mm. However, this value can be varied and needs to be
optimized prior to performing the experiment.
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magnetic dipole). Now, theionizer power is dowly increased until the ion beam becomes
vigible at the screen. The voltage between the ion source and the extractor lens (extraction
voltage) is adjusted to create a foci at the location of the screen. In case of a perfect
alignment of theion source, thefoci iscentered at the screen. If any misalignment of theion
beam is noticeable, the acceleration voltageis turned off and the location is appropriately
adj usted.

After the successful alignment of the ion source, the extraction voltage is adjusted to
form acircular ion beam with adiameter of ~1.5 - 2 cm at the entrance of the magnet. The
screen isremoved, the magretic dipole is adjusted to the appropriate setting, and a second
Csl coated screen is inserted at the focal plane. Now, the quadruple triplet is turned back
on and the ion optical salution is veri Ced by adjusting the quadrupole tripl et appropriately.

Following this step, the screeni s removed, the second quadrupol etriplet is turned on,
and theion beam is measured at the collimator and the catcher foil. The correct ion optical
solution is verilled by minimizing the ion beam current at the col limator and maximizing
theion beam current at the catcher foil. At this position, the fresh samplein the crucibleis

degassed over aperiod of ~2 h, by dowly increasing the ionizer and vaporizer power.

3.3.1 Ion Source Diagnostics

The hot cavity ion source contains 32Sr and #3Sr due to the isotropic insensitivity of the
chemical separation process. The decay properties of those two isotopes can provide a
powerful tool totrack the radi oactive ions throughout the separator. The decay schemes for

825 and 85Sr are shown in Figure [6].
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6.The decay scheme of the two Sr isotopes contained in the sample is shown. The
82Gr-decay chain contributes both 511 and 776 keV ~-lines to the y-spectrum, whereas
only one ~-line at 514 keV results from 35Sr decay.

The [t isotope, 32Sr, decaysby electron captureto 2Rb, which is a 57 -emitter with
two main branches. 13.7% of the atomsdecay to the [t st excited statein 82K, which decays
to the ground state by emitting a 776 keV ~-ray. The majority of the atoms, 85.8% to be
exact, decay directly to the ground state in 82Kr. The endpoint for the two 3-decays are
2.57 MeV and 3.35 MeV, respectively. A very small fraction (0.5%) of the atoms decays
by emitting a 3" -particle with an endpoint of 1.88 MeV, which isneglected in the foll owing
discussion of the obtained y-spectrum. All 3" -particles will annihilate and two 511 keV
y-rays per 37 will be observed. The decay schemefor 8°Sr isvery similar. 85Sr also decays
by electron capture, but it decays to an excited state in ®Rb which in turn, decays to the
ground state by emitting a 514 keV ~-ray.

In summary, one expectsto [hd three peaksin the y-spectrum. Dueto the relatively

poor energy resol ution of Nal-detectors used here, the 511 keV ~-ray from the annihilation
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of the 5" -particles and the 514 keV ~-ray from the ® Rb decay will not be resolved. Since
the goal is to track the ®2Rb ions in the separator, the -detector only needs to be able to
resolve the 776 keV ~-ray from the 511-514 keV ~-rays.

A collimated Nal detector is located at the ion source region, perpendicular to the
crucible, to monitor the release of activity due to ionization and vaporization from the ion
source. A second detector islocated near the trapping cell, perpendicular to the ion beam,
monitoring the accumulation of ¥Rb in the catcher foil. Typical spectra are shown in

Figure[9] and [12].

3.4 Mass Separation of Isotopes

Mass separation of isotopes goes back to the early 30s when the [rst mass spectrograph
successfully separated the different potassium isotopes [91]. Many separator designs have
proven to be capable of fulllling the requirements of isotope separation [92, 93, 94, 95, 96,
97]. In particular the solution, which consists of an intense ion source and an el ectrostatic
lensforming aparallel beam into a magnetic sector [CEld, has proven to be very successful
[99].

Over the years improvements have been made in maximizing the transmission and
the mass resolving power of the particular separator. While the mass resolving power in
the case of the smple, single stage mass separator usually islimited to M/ /AM = 2000 (at
the most 5000), doubl e stage separators feature minimal image aberrations and achieve a

massresolution large enough to separate elements within one isobar [94]. These separators,
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however, require the use of small apertures within the beam path, effectively limiting the

achievabl e transmission of the separator to 20% or less.

34.1 The Mass Separator

The layout of the separator is shown in Figure [1]. lons are electrostatically extracted by
an extractor lens with an opening diameter of 6 mm, mounted 8 mm in front of the ion
source. The potential of the extractor is adjusted to achieve a beam diameter of 15-20
mm at the entrance of the magnetic dipole, thus determining the maximum inclination to
agp=0.008 (agy = tan ag). Following the extractor and accel eration region, a pair of x-y
steering unitsisinstalled to correct for any misalignment of the ion beam which can not be
corrected by aligning the ion source. Under normal operation conditions, however, these
steering units are turned off. The ion beam enters an electrostatic quadrupole triplet with
an effective length of 153 mm per electrode, a spacing of 25 mm, and an aperture of 60
mm. Thelast quadrupol e lensin thetriplet can by used for steering purposes aswell. After
theion beam leaves the quadrupol €, it is passed on to a90° magnetic sector [eld with agap
of 10 cm, abending radius p = 1.6 m and normal entry and exit angles[99].

Maximizing the transmi ssion rather than extremely high mass resal uti on was the goal
when designing the “[Ist stage” of the mass separator, since the mass diff erence of 82Sr
and 82Rb can not be resolved with a single stage mass separator without dramatic | osses
in the transmission capabilities of the device[94]. As a result of those requirements, high
transmission and a moderate acceleration voltage (around 20 kV were used), the ion op-

tics features a vertical beam cross over at the exit of the magnetic sector [eld. Thus, the
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quadrupol e triplet was tuned to not only create the correct virtual image of the ion source
but also to y-focus the ion beam as well. The ion optical cal culations are performed with
GIOS[100], a software package devel oped for the simul ation and design work of ion op-
tical devices. The predicted values of the quadrupole voltages and the magnetic dipole

settings are within 10% of the experimentally optimized values? listed in Table [2].
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7.A typical mass spectrum of the single stage separator. Shown are the peaks for ¥ Rb
and ¥ Rb taken directly from the scanning wire detector when operating in the standard
mode, that optimizes the transmission of the mass separator. The mass resolution in this
scan is determined to be ~600 amu, but scans that show a mass resol utions of up to 1700
amu have been experimentally observed.

2 A GIOSOe can befound in the Appendix.
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Two possible ion optical solutions are calculated. The [Crst maximizes the mass re-
solving power. It features ax-focus at the focal plane with amass line being about 1.5 mm
wide and 10 mm tall with ay-focus at the exit of the magnetic dipole. This solution was
veri[ed by detector arrangementsin the focal plane (see FHgure[7]).

The second sol ution creates a circular spot of about 3 mm diameter without ay-focus
in the beam path. Both solutions feature high transmission through the (st stage of the
mass separator, but maximum mass resol ution is achieved when the x-focus is created at
the focal plane and a mass resolution M /AM = 1700 amu has been calculated (Fgure
[8]) and experimentally verilked.

The “second stage’ of the separator smply refocuses the ion beam onto the Chal
target, in our case a metal catcher foil (6 mm diameter) located inside the glass cell where
the atoms are optically trapped. We are using a second quadrupole triplet of the same
type as used before the magnet, which is positioned close enough to the foca plane to
collect all the mass-sel ected ions and far enough away from the catcher foil to deliver are-
focused beam through the entrance opening of the glass cell. In atypical 3?Rb experiment,
we measure an ion beam current of ~20 pA at the catcher foil and a residual ion beam
current of ~3 pA at the collimator. However, when collecting the 82Rb beam entirely on
the stainless stedl collimator, we measure atotal ion beam current of ~120 pA. We believe
that the difference is caused by the different secondary electron emission coeflkients of
yttrium and stainless steel. This hypothesis is strengthened by the fact, that we can not
| ocate signi[cant amounts of activity at the collimator or the surrounding vacuum chamber

by usi ng ~y-counting techni ques.
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Chracteristics of the Single-Stage Mass Separator

lon Source Settings

Accderation voltage 20012V
EB acceleration voltage 2473V
lonizer current 189A
Vaporizer current 233A
I oni zer power 55W
Vaporizer power 57W
Resulting bias power 48'W
Extractor voltage 844V

First Quadrupole Settings

Electrode | 140V
Electrode 1 208V
Electrode 111
X-axis pos. 211V
X-axis neg. 123V
y-axis pos. 129V
y-axis neg. 205V
Second Quadrupole Settings
Electrode | 360V
Electrode 11 748 V
Electrode 111
X-axis pos. 458 V
X-axis neg. 385V
y-axis pos. 363V
y-axis neg. 473V

2. The mass separator parameters are shown. Note: The third electrode in each
quadrupol e triplet can be used for beam steering purposes. This value can be varied and
need to be optimized in the tune-up process.
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8.Theion optical solution for high transmission throughout the mass separator is shown
and ion optical coordinates are used. These coordinates are de['hed so that the z-axis fal -
lows the ion beam resulting in z-x de[hing the horizontal plane while z-y delnes the verti-
cal plane of the mass separator.
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A detailed discussion of the trapping cell geometry, the mounting of the catcher foil,

and the laser beam characteristicsis given in Chapter 4.

34.2 Ion Beam Diagnostics

Réliable high transmissi on operation of the mass separator is avery important issuefor the
experiment, since a high Cux of 32Rb ions onto the catcher foil is most desirable. Proper
operation of the separator is assured by using avariety of diagnostic toolsinstalled within
the separator to alow a simple, quick test of the quality of the ion optica properties of
theion beam. We are using Faraday cups, scanning wire detectors and Csl coated screens
to visualize the beam shape at several locations inside the mass separator. The [rst set of
diagnogtics is installed in between the pair of steering plates right after the acceleration
column.

At thislocation we have the following diagnostics:

A Faraday cup measures the total beam current[]
An x-y scanning wire detector measures the beam prollel]

And a Csl coated screen all ows the visuali zation of the beam shape at thislocation.

A second screen | ocated at the entrance of the magneti c dipoleallows, in combination
with the screen between the steering plates, the determination of the angular divergence of

the beam. The divergence of theion beam istypically set to mrad.
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Traditionally most of the diagnostics tools are located in the scattering chamber at
thefocal planeof the magnet. Herewe use a double shielded Faraday cup, ascanning wire
detector, a Csl coated screen and | ocating pins to assure proper operation of the separator.
The presence of a strong ion beam (the intensity of ®°Rb ion beam is typically a factor-
of 1000 higher than the 82Rb beam intensity) in nearby the Faraday cup requires the use
of a double shielding, to avoid [Cuctuations in the ground potential due to the presence
of scattered secondary electrons. These secondary electrons are caused by residua gas
scattering of the strong ion beam and can hit the ground pl ate of the Faraday cup, resulting
in afalse current reading. The locating pins are used to measure the ion beam current
in the wings of each side of the mass resolved peak, thus measuring identical currents if
the ion beam is centered between the locating pins. The current from each pin creates
an error signal that can be used as a feedback signal to stabilize the power supply of the
magnet. Since the sampl e contains 3°Sr aswell, thebeamintensity of the ®Rb beam can be
used to monitor the ion beam current in a non-destructive measurement of theion source
parameters.

Finally, at the entrance of the trapping cell a stainless steel collimator with a5 mm
opening is mounted to measure the ion beam current with apicoammeter. The transmission
of the second quadrupole triplet i soptimized by minimizing the ion beam current measured

at the collimator and maximizing the current and the ~-count rate at the catcher foil .
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34.3 Typical Performance of the Ion Source and the Mass Separator

There are severa parameter that must be monitored and optimized to achieve a high overall
ef(ciency of the mass separator. Sarting at the ion source, one wants a high vaporiza-
tion rate as well as a high ionization efCiency of the crucible. We use a collimated Nal
~-detector to monitor the count rate of the activity loaded into the crucible. By monitoring
the 776 keV ~-line fromthe 82Kr (27 — 01) exited state decay, we can measure the vapor-
i zation rate of the ion source crucible. FHgure [9] shows the ~y-spectrum while the crucible
isheated (red curve) and not heated (blue curve), respectively. After the measurement the
el ectron bombardment of the crucible was stopped and the ~-spectrum was recorded after
the crucible has cooled down to room temperature. The spectrum shows good agreement
with the spectrum taken before the measurement, thus the loss of ®2Sr and 8°Sr due to va-
porization is negligibly small. The comparison of the number of counts in the 776 keV
~-line measures the loss of *2Rb due to vaporization. One [hds that 42% of the produced
82Rb atoms leave the i on source crucible.

The ionization ef(iency could be measured by monitoring the beam current shortly
after theions leave the ion source crucible. However, the geometry of the ion source and
the small distance between the crucibleand the extractor makesit very difClcult to measure
the ion beam current precisely. Hence, we decided to take advantage of the high transmis-
sion feature of the mass separator (~100% as indicated by the ion optical cal culations) and
smply measure the sum of the transmission of the mass separator and the ionization ef [+
ciency of the ion source by measuring the amount of ¥Rb implanted onto the catcher foil

by monitoring the activity levels of ®2Rb at the ion source and simul taneoudly at the catcher
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9.The ~y-spectrum of atypical %2:8°Sr sample within crucible of theion source. The blue,
dotted line shows the spectrum with the crucible at room temperature (the ion source is
turned off), while the red plot shows the same sampl e at a crucible temperature of ~2000
K. Duetothelimited energy resol ution of the Nal detector the511 keV from theannialation
radiation overlaps with the 514 keV ~-line from the ¥ S decay. The inset Cgure shows the
magggli [ed 776 keV ~-line, which i sused to determi ne the vapori zati on rate of theion source
for “Rb.
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fail. Again, this measurement i s done using a collimated Nal ~-counter to observe only the
activity deposited onto the catcher foil. The detector iscalibrated with a well-characterized
8283 sample, and gates are set to only monitor the counts in the 776 keV ~-line that is
gtrictly due to the 32Rb 37 -decay.

Theion source operation is completely computerized which allows for a Pl D control
|oop to stabilize the ion source settings. Also, all the high voltage carrying ion optical com-
ponents as well asthe vacuum valves and ion gauges are monitored by the computer. The
system is designed to automatically shut down the entire mass separator to avoid possible

damagein case of avacuum leak or power outage.

3.5 Foil Studies

After accumul ation of the 82Rb ionsin the catcher foil, we must release the implanted ions
in form of neutral atoms into the trapping chamber. We are using a resonant LC circuit
(shown in Figure[10]) to heat the catcher foil to high temperatures. The signal from a 20
MHz frequency generator (atypical drive frequency is ~9 MHZz) is fed into a25 W RF
ampliler (EBI Model A 25-25 PA). The RF power inductively couplesinto the catcher foil
which, depending on the foil parameters, can be heated to temperatures of up to 1500 °C.
Thefoil temperatureismeasured with an optical pyrometer (Raytech Thermalert 30, sensor
model HTCFI) which has an accuracy of +1%.

Since ef(tiency considerations are extremely important for the proposed measure-
ments, the release of neutral atoms from the catcher foil into the vacuum chamber of the

MOT obvioudy needsto be optimized aswell. One Chds only very few publications deal -
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10.The LC resonant circuit for heating of the catcher foil is shown. The directiona
coupler is used to optimize the drive frequency, thus minimizing the rellected power.

ing with the ef[tient release of neutral particles from acatcher foil. Thus, we decided to
use the radioactive 3?Rb ion beam from the mass separator to perform a detailed study of
the release properties of a variety of possible caicher foil materials. Again, one needs to

satisfy a number of congtrains. One must

a) maximize the number of atoms rel eased at | ow temperature to minimize damage of the

dry[dm coating nearby(]

b) optimize the inductive heating process by selecting material swith reasonable electrical
properties, since the conductance of the material determines the maximal temperature

achievable for a given RF power setting(]

c) select aneutralizer material with awork-function below the ionization energy of Rb to

release Rb as neutral atoms rather than charged ions[]

d) monitor the outgassi ng properties of the catcher foil while heated.
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11.The picture shows a glowing Pt catcher foil (6 mm diameter), heated to ~1000 °C'
in our test cell. The release from the foil is monitored by a collimated ~-counter (not
shown) perpendicular to the catcher foil location. This cell features a vacuum port at the
back of the cell, thus, various catcher foll materials and thicknesses can be tested without
disassembling of the trapping cell.
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We have designed and used atrapping cell (see Figure [11]) which is very smilar
to the trapping cell used in the Chal setup, but with a modiCed back-end, to allow quick
changes of the different catcher foil materials. A small Csl coated screen could aso be
inserted in the catcher foil position to verify the ion optical solution of the mass separator.
The number of #2Rb ions implanted into the catcher foil is monitored by a collimated Nal
~-counter. A gate is set around the 776 keV ~-lineto monitor the number of *2Rb atoms
implanted. When heating, some percentage of the activity defuses off the foil, thus the
activity level drops and the release from the foil is measured. In addition, the temperature
prolle of the foil isrecorded with an optical pyrometer, which in combination with the
~-decay rate, gives valuable information on the time dependence of the release process.
A typical spectrum taken from a multi-channel analyzer (MCA) operated in multi-scaler
mode is shown in Figure[12].

The different catcher foil materias tested are listed in Table [3]®. Two candidates
require additional explanation. First, we found the best release was obtained with a Mo
fail (25 pm thickness), where ~80% of the implanted ions are released at a temperature
of ~1500 °C. Since the work-function (4.2 eV) of Mo is very similar to the ionization
energy of Rb (4.1 eV), we needed to measure the fraction of ions released. By applying a
negative 300 V suppression voltage to the catcher foil and monitoring the release with and
without the suppression voltage, we [hd that only ~20% of the activity is released with
the suppression voltage applied, indicating that most of the activity isreleased in the form

of ions. Secondly, we included Pt in the test series despite its high work-function due to

3 A simple model which shows the dependence of the achievable foil temperatures (at a given RF power
setting) depending on the fail characteristics can be found in the A ppendix.
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12.The measured release of 8 Rb is shown as afunction of time. Att = 0, the radioactive
ion beam is steered onto the catcher foil. The activity accumulates at the catcher foil and
thefail isheated to 820°C for about 50s (¢t = 475). Theactivity level drops and the amount
of activity released is determined. The heating of the foil is stopped (¢t = 530 s) and the
activity level raises again to its saturation level. A second run at 850°C is started.

extremely promising release rates published in Reference [101]. Despite severa attempts
to achieve large rel ease rates at rel atively low temperatures (90% at 1200 °C) we [hd only
amarginal release a even high temperatures as shown in Table [3].

A second feature of the described setup isthe possi bility to study the time dependence
of the rel ease process as afunction of catcher foil materials or catcher foil thicknesses. We
[hd, e.g. that molybdenum not only has a poor total release rate for neutrals, in addition
the diffusion out of the foil takes about 3 timeslonger than any other foil material studied

(and featured measurable release rates) at the same foil thickness.
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Chracteristics of the Investigated Catcher Foil Materials

Element | Resistivity | Work- Mdting | Boiling Thermd Thema Temperature
Function Point Point | Conductivity | Expansion required for
1.0 x 107° Torr
[ Qem)] [eV] [°C] [°C] [W/mK] [107%/K] [°C]
Y 53 31 1552 3338 17.2 10.8 1100
Hf 322 39 2227 4602 23 6 1730
Ta 135 41 2996 5425 57.5 6.5 2220
Mo 57 42 2617 4612 138 5.1 1850
w 54 455 3410 5660 173 45 2380
Pt 10.58 53 1772 3827 71.6 48 1465
Foil Foil Input | Relected | Max. Temp. Uniformity: Totd Fraction
Materid | Thickness | Voltage Power Dark Spot sze/ | Release | released as
Center Temp. Neutrds
[pum] [(mV] [%] [°C] [%] (%]
Y 25 700 13 1040 2mm/ 900 °C 40 100
Hf 25 700 17 1100 2mm/ 900 °C 0 N/A
Ta 25 700 124 1231 N/A 33 50
Mo 25 1000 14 1380 N/A 80 20
Pt 12.5 500 14 1520 N/A 17 0

3. Important foil properties are listet in the upper table [102, 90]. Note: Tungsten is
included since we use a tungsten backing to reduce the temperature gradient characteristic
for theyttrium and hafnium foil s. The lower table gives measured releaserates for different
catcher foil materials. Also, the fractional release of neutrals relative to the total release is
listed. Note: Themaximal input voltage for the RF ampliller is 1200 mV (correspondsto a
RF output power of 25 W).

Asaresult of our measurements, we decided to use a 25 pm thick yttrium foil with
a very reasonable release of ~40% at 1050 °C. The work-function of yttrium (3.1 V)
is much lower than the [rst ionization potential of Rb, thus minimizing the release of
signiltant number of ions. We have measured the release with and without the suppression
voltage applied to the catcher foil and [Chd no detectabl e differences in the release rates

from the yttrium foil.
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However, when heating some of the foils, especially with yttrium, we [hd a large
temperature gradient acrossthe foil . Sincethe diffusion process shows astrong temperature
dependence, onelikes auniformly heated foil to minimizethe sensitivity where the ions are
implanted in the catcher fall. The effect is easily understood when analyzing the inductive
heating process. Inductive heating mostly heats the outer area of the catcher foil. Since the
thermal conductivity of some of the elementsis very poor, the heat is not conducted to the
center of the foil. When spot-wel ding the yttrium foil onto a tungsten backing, however,
due to the excellent heat conductance properties of tungsten the large temperature gradi ent
typical for the yttrium foll completely vanishes, |eaving a uniformly heated catcher foil. In
addition, when heating the “sandwich” catcher foil to temperatures approaching 1000 °C,
the yttrium foil suddenly melts onto the tungsten foil, eliminating any gaps between the
yttrium and the tungsten foil.

Another advantage when using a Y catcher foil, as mentioned earlier is the very low
temperature of the foil required to rel ease signicant number of Rb atoms (35% at 850 ° ().

A low temperature of the catcher foil isdesirable, since:

A catcher foil at very high temperature carriesthe potential of damaging the dryIm

coating nearbyand

the vapor pressure and the outgassing rate of the catcher foil will ultimately increase

the pressure in the trapping cell, thus limiting the lifetime of the atomsin the trap.

Both effects will lead to a substantially lower trapping ef(ciency of the MOT and

therefore, a smaller number of atomsis trapped.



Chapter 4
A Laser Trap for Radioactive Atoms

The daunting task of trapping radioactive atoms for use in a high-precision elec-
troweak interaction measurement requires the opti mi zation of alarge variety of parameters
inevery stage of the experiment. Asoutlined inthelast chapter, the optimization of theion
source and the mass separator for high ef(ciency are essential for the successful introduc-
tion of the radioactive ionsinto the vacuum chamber of the MOT. In turn, the MOT itself
needs to be optimized to trap as many atoms as possible. Here, | will present the work that
has been done in our lab to optimize the capture ef(ciency of the MOT and introduce a
“second generation” MOT that is coupled to a mass separator for the ef cient trapping of

radioactive atoms.

4.1 The MOT

TheMOT traps atoms with avelocity smaller than the capture velocity, which only involves
avery small fraction of the atoms at the end of the Boltzmann distribution. Typica numbers
for the capture velocity v. and the average vel ocity of room temperature atomsv are v, [
20m/s andv = 500m /s for Rb, respectively. There are two possible improvements that

can be made when designing a more ef[ i ent version of the M OT:

a) maximize the capture velocity of the M OT, hence maximizing the number of atoms

trapped from the Boltzmann distribution in asingle wall to wall passage, and

69
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b) enable eachindividua atom to have multiple collisonsor “bounces’ with thewalls
of the vacuum chamber, so that the atom can re-thermalize on each bounce and has

multipl e chances to be trapped.

Following the pioneering work of Stephens er al. [103, 104], we addressed the is-
sue of trapping eftiency by carefully investigating the different trapping parameters and
their impact on the trapping ef(iency. A separate MOT laser setup was put together to in-
vestigate these trapping ef(iency problems while the upgrade of the mass separator was
performed. We found that by optimizing the cell design we were able to reach cons der-
ably higher trapping ef(tiencies. The measurements on the trapping efiency are done
using stable '33Cs atoms. Due to additional losses characteristic for radioactives, the re-
sults obtained represent general guidelines but do not describe the trapping of radioactives

entirely.

4.2 Trapping Efl ciency Considerations

Early experiments with MOT’ s show that the number of trapped atoms at a constant | aser
beam intensity follows the relationship N ~ L35, with L being the laser beam diameter
[105]. Large laser beams lead to a larger capture vel ocity for the M OT, and consequently
trap alarger percentage of theatomsin the Boltzmann distribution to increase the ef [lciency
of thetrapping process. It isbeen shown [103] that the steady state number of trapped atoms

isgiven by,

N = Rrypgy = 0.1= : (4.31)

0 Uth
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where R isthe capturerateand 1/7.qp = noov.qms iSthelossrate due to collisi ons between
trapped atoms and atomsin theroom-temperature alkali background gas. The cross section
o for these collisions has been measured to be ~2x10-13 cm? for Cs, ny, = 108 /cm? isa
typical density of the background gas at a pressure of ~1078 torr, and v,ms = 236 M/sis
the root-mean-sguare vel ocity at room temperature. The capture rate involves the surface
area A of thetrapping volume, and the rati o between the capture velocity v. and the average
velocity of the background gasv,, = 193 m/sfor Csat room temperature.

Equation [4.31] shows that, to calculate the number of trapped atoms, we need to
know the surface area of the trapping volume A and the capture velocity v.. Snce a3-D
model of the MOT isyet to be devel oped, which woul d predict the capture velocity and the
number of trapped atoms, we use the one-dimensional expression of the radiation pressure
force to estimate the capture velocity. Using equation (2.21) and taking into account that
the force for an atom is proportional to the difference between the number of photons
scattered from the two counter propagati ng laser beamsal ong the axis, we [hd the foll owing

expression for the scattering force

F" 1 I
Focatt = ﬁk? A ku 72 B A kv 12
\‘I—i—[s(l—i—él[?—ﬁ}) I+IS(1—|—4[F+ﬁ}>J

. 432

where A = Vigser — Vatom 1S the detuning of the laser, T" is the natural linewidth of the
transition, I, is the saturation intensity of the transition, and I is the laser intensity. The
capture velocity is obtained by solving equation (4.32) numerically under the assumption

that an atom is trapped when its velocity islessthan 10 cm/s when the atom has passed the

trapping region.



4 A Laser Trap for Radioactive Atoms 72

Laser properties Contribution to capture rate R
Beam diameter L R ~ L°*° constant intensity, large L

R ~ L constant power, large L
Beam intensity 7 R ~ I constant power, large L (saturatesat high I)

1. Dependence of captue rate on trap parameter (Taken from [105])

While this smple model neglectsthe magnetic [eld necessary to create the position
dependent force that formsthe MOT and, in addition, treats the atom only as a smple two-
level system, Lindquist et al. [105] showed that the number of trapped atoms predicted by
the model islow by afactor of 3, but describes the general trends (Table 1) remarkably
well.

The situation in a vapor-cell trap for radioactives is somewhat different. When trap-
ping stable atoms, oneis not sensitive to |osses from the trap due to chemical reactions of
the alkali vapor with the wall or the sticking of the alkali atoms to the wall, since the di-
lute vapor is constantly replenished by the reservoir. In an experiment that involves only a
[xed number of atoms suddenly introduced into the vapor-cell all those losses become im-
portant. Therefore, we must construct a vapor-cell using a material which minimizes the
interaction with the akali vapor and i s compati ble with the ultra-high vacuum environment
presentin aMOT.

Again, Stephens et al. [103] have smulated the sudden introduction of Nyatoms
into a vapor-cell and trapping as many as possible. They found that this situation can be

described by

(4.33)
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where NV isthe number of trapped atoms. The capture rate R is given by

£ = 1 vl
_4\/7?Ufh

R( 7Ln (t) (4.34)

where vy, is the thermal vel ocity and » equals the density of untrapped atoms, while v, is
the capture velocity of the MOT and L is the laser beam diameter. The untrapped vapor

density now depends on the chemical reaction rate of the alkali atoms and the wall (]

rA

. Ng — N(t) et

n(¢) 1% 1+ (o AJ4V) 7

(4.35)

where A,V are the surface area and the volume, respectively, of the trapping cell, r is
the effective pumping speed of thewall per cm? caused by permanent chemical reactions
between the atoms and the wall, and 7, isthe average sticking time of an atom on the wall.

The loss rate of the trap depends on the pressure P in the vapor-cell (in torr)J

1
- =3.3x10"%Poyuy , (4.36)
-

where o}, is the cross section for collisions between the non akali background gas and
an atom in the trap, and v, is the thermal velocity of the background gas. By measuring
the pressure of the background gas and the [l rate of the trap, one determines o,v;, ~
10~%m? / sec, where the collisional loss due to collision with the alkali background is
neglected, since the density of the akali atomsis afactor of 10-100 |ower than the density

of the background gas. The non-akali pressureinitially is given by

Py= %A , (4.37)
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Surface Reaction rate r Outgassing () Sticking time 7
em? /s em? Torr em?/s cm? (118)

Pyrex 0.03 <108 1400

SC-77 0.025 2x10°7 <35

OTS 0.086 2.2x1078 <35

2. Outgassing and reaction rates for drylIm coatings. Taken from Ref. [104]

where S isthe pumping speed at the cell and @ is the outgassing rate of the walls. If the

vapor-cell is closed off after the sample isintroduced, the pressure rises linearly with timelJ

A
P="DP+ Q7t . (4.38)

The collection ef[kiency can be cal culated by solving equation (4.33)-(4.36) for the
number of trapped atoms as afunction of time. The maximum coll ection efCiency is the
maximum number of trapped atoms, divided by the initial number of atoms released into
the vapor-cell.

One [hds the following requirements for materials that can be used to improve the
collection ef(Tiency of the MOT. The sticking time of akali atoms 7 has to be short to
allow multiple bounces in thetrap (e.g. 7s [ 50 us). Thereaction rate r of the atom with
the coating has to be small and the outgassing rate of the coating material needs to be low
(eg. 7 0 0.1cm3/s em? and Q [0 107 8Torr em?3/s em?). Table [2] shows the results
found by Stephens et al. [104] for avariety of organic coating materials used for Pyrex or

quartz vapor-cells.

4.2.1 A MOT for the Study of Trapping Ef  ciency

The geometry of the vapor-cell isimportant for the efCient trapping from alimited supply

of atoms. A large laser beam diameter increases the capture velocity of the trap, hence
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tapping a larger fraction of atoms from the Boltzmann distribution. On the other hand,
the laser power obtained from available lasers limits the beam s ze of the trapping laser.
The Zeeman splitting caused by the magnetic [eld necessary to obtain aM OT, eventually
shifts the atomic transitions too much, which ultimately leads to “heating” effects due to
the excitation of anti-trapping transitions (the shift of the transition due to magnetic [eld
isroughly 1 MHz per Gauss). Nevertheless, careful optimization of the geometry of the
trapping cell can lead to a signilkant gain in the achievable trapping ef( i ency.

In summary, when optimizing the trapping cell geometry, the goal has to be to max-
imize the illuminated region of the trapping cell and therefore minimizing the amount of
“dead space’ in the trap. In an ideal conguration, the laser beams completely illuminate
the trapping cell, which eliminates all of the dead space and greatly improves the trapping
ef(ciency. The [rst geometrical object one could imagine is a glass sphere exactly the size
of the laser beams. Unfortunately the curved glass surfaces woul d cause focussing effects
of the laser beams, thus destroying the trap. One [hds the second best geometry in a cube,
completely illuminated by the laser beams.

We have built aMOT using a5 cm Pyrex cube mounted directly to a Varian StarCdll
20 |/sion pump ( see Figure [ 1]) which maximizes the pump-out speed of the system. The
goal wasto carefully investigate the impact of laser intensity, detuning, and magnetic [eld
gradient on the number of atoms trapped. These measurements also led to arobust system
which allows the careful investigation of the efftiency of the trapping process. In our
setup, due to the size of the optics (50 mm dia.) available, we chose not to shrink the cell

any further, hence leaving some of the volume of the cube dark.
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1. The vapor cell used in the ef[tiency measurement is shown. Clearly visblearethetwo
glass valves attached to the trapping cell cell. The valve is made of ground glass providing
areasonably small leak rate. All the glass surfaces, including the valves, are coated with
OTS. The glass valve to the left leads to the Cs reservoir while the one on the right is
mounted directly onto a Varian StarCell ion pump with a pumping speed of 20 I/s. This
con[guration minimizesthe pump out time of thetrapping cell since only asmall portion of
the surface areais|eft uncoated. The quadrupole coils of the M OT are normally mounted
above and below the Pyrex cube but are removed in this picture.
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The MOT described here utilizes laser light from a Coherent 899-21 Ti:Sapphire
(Ti:Sa) ring laser, pumped by a Coherent Innova 200 argon ion laser. The Ti:Sa produced
up to 1.5 Watts of single frequency laser light at 850 nm to be used for trapping purposes
(I will refer to this laser arrangement as “high-intensity setup”). The laser beam from the
Ti:Sa is combined with a second laser beam extracted from a SDL-5101 100mW diode
laser. The home-made external cavity system, [rst described in Reference [106], uses
feedback from a diffraction grating to provide a narrow-band, continuoudy tunable light
source with a usabl e output power of ~35 mW.

While the Ti:Sa laser beam is tuned to the 65,9, F' = 4 — 6P5,9, I’ = 5 trapping
transition in Cs, the light from thelaser diodeistunedtothe6S1/2, F =3 — 6Ps/2, F' =4
state in order to repump atoms that accidentally fall into the 6.5; /2, F' = 3 “dark” state (see
Figure[2]). The combined laser beam is split into three laser beams with equal intensities
and expanded to the desired beam s ze. Thissetup has become the “standard” con[guration
for MOT's and has the potential to trap as many as ~4x10'° atoms from the vapor. The
number of trapped atoms in this setup is limited since the optically thick cloud of atoms
causes intensity imbal ance in the incoming and retrorellected laser beams, thus disturbing
the MOT conlguration. Since the scope of this work was to determine the capture ef(+
ciency of the trap rather than trapping as many atoms as possible, this limitation of the
described setup can be neglected. A beautiful color infrared picture of alarge cloud of Cs
atoms (~4x 10') with a size of 1.5 cm (horizontally) and 1 cm (verticaly) is shown in
Figure[3].Results using the “high-intensity” setup are shown in Figure [4] and are in very

good agreement with similar measurements reported in Reference [ 107].
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2.The relavant transtions for cooling and trapping in '33Cs are shown. The trapping
laser istuned to the 6.5, /5, F' = 4 — 635, F" = 5 transition. The repump laser is tuned

tothe 6512, F' = 3 — 6P352, F' = 4 transition to optically pump atoms back into the
631/2, F =4 sate.

Following our basic measurements on the number of trapped atoms, we started the
investigation of the trapping ef(iency of the MOT using the described trap geometry.
When using aconstant density of alkali atomsin the background gasthe number of trapped
atoms does not depend on the chosen geometry. However, in case of a limited number
of atoms available in the vacuum chamber, the overal trapping ef(kciency depends on the

ratio of surfaceareaof thetrapping cell, the volume of the trapping cell, and the laser beam
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3.A color infrared picture of the Cstrap is shown. The cloud is compressed vertically,
since the axial magnetic [eld gradient is twice as strong compared to the radial direction,
resulting in a“ pancake” shaped cloud.

diameter as described by equation (4.34). Asa result of the chosen trapping cell geometry
and the avail able laser power, we were able to improve the trapping ef(iency from 6%
reported in [103] to ~20% in our trapping cell. A description of the trapping ef Cciency
measurement i s given below.

The experimental setup for the ef(lciency measurement is shown in Figure[1]. A 5
cm Pyrex cube with two ground glass val ves, which allows the sudden introduction of Cs
vapor into the trapping cell, is coated with octadecyltri chlorosilane (OTS) dryIm following
arecipe described in Reference [104]. After careful cleaning (atypical cleaning procedure

has been published in [104]), the cell is coated and baked under high vacuum conditions
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4.Results obtained with the “high-intensity” MOT. Detailed studies of the number of
trapped atoms as a function of laser detuning and magnetic [eld gradient (a) and the inten-
sity (b) are shown for a [ixed laser beam diameter (1/e*> = 6 ¢m). The maximum is found
at adetuning of 41", and amagnetic [l d gradient of 6 Gauss/'cm. Weinvestigated three dif-
ferent laser beam diameters and the results, ~3.6x10'° trapped atoms, with a laser beam
diameter of 1/e? = 6 cm proved to be the best.
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to remove any remaining contaminants at 200 °C for 24 hours. After the bake-out, the cel|
isinstalled and laser beams with a usable diameter of 5 cm and a 1/€? diameter of 6 cm
form the MOT. The MOT itsalf is used to trap a known number of atoms (by monitoring
the Cuorescence of the trapped atom cloud) which are introduced when the measurement is
started.

To measure the trapping efltiency we [Tst close the glass valve to the Cs reservair
and open the valve to the ion pump while monitoring the Cluorescence signal. After the
remai ning Cs vapor inthetrapping cell has been pumped avay, we open the valvetotheCs
reservoir for 5 s. The trap [ls and reaches saturation. After the valve to the Cs reservair
is closed, the number of trapped atoms decreases due to constant loss from the trap caused
by collisons with the background gas. The pump-out time for untrapped Cs atoms is
determined to be ~300 ms, thus opening the valve to the ion pump for 2 s removes most
of the untrapped Cs atoms left in the vapor. Approximately two seconds later, the valve
to the ion pump closes, the laser beams are blocked and the atoms fall under gravity and
rethermalizewhen they hit thetrapping cell surface. After re-thermalization (500 m s later),
the shutter isopened and the atomsare re-trapped. The number of trapped atoms isrecorded
as a function of time using a calibrated photodiode.

We determine the background signal, caused by untrapped Csvapor, by repeating the
measurement but reversing the magnetic Celd up to the point where the lasers are blocked
(t = 7 s), which measures the Cuorescence of the Cs vapor in the trapping cell. The back-
ground measurement shows that the pump-out time for the Cs vapor is short (7 = 300 m.s)

compared to the lifetime of the trap (~ 2.5 s). The time sequence of the measurement is
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5.The trapping signal is shown as afunction of time. [a] Trapping con[guration (Coures-
cence from trapped atoms plus untrapped atoms in the vapor)[b] Anti-trapping congu-
ration (Courescence only from untrapped Cs atoms in the vapor)U[c] Net trapping signal
background ([b] is subtracted from?oaﬁ) ). Note the different time constants in [a] and [b].
Untrapped atoms are pumped away quickly, astrong indication for a high quality dry-CIm
coating. Att =0, the glass valve to the Cs reservoir is opened, Cs atoms start to [l the
trap. Att =5 sthe valvetothe Csreservoir is closed, atomsare lost from the trap and | eave
the trapping cell since the valveto theion pump istill open. The valveto theion pump is
closed (t = 7 s) and the laser is shuttered off for 500 msto allow the atoms to hit the surface
of the vapor cell and rethermalize. Atoms are then retrapped (t = 7.59).
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appropriately adjusted to remove as much of the untrapped vapor as possible. As a sec-
ond check, the magnetic [l d isswitched back into “trapping conguration” when thelaser
beams are blocked, to determine the trap signal due to Cs atoms being trapped from the
remaining vapor in the cell after the lasers are unblocked. The background measurements
show that the fraction of the trapping signal caused by Cs background gas is suf(ciently
small. To eliminate the background from the trapping signal, the background measurement
is subtracted from the trapping measurement and the rati o between the number of trapped
atoms (at t = 7.5 s) and the number of retrapped atoms determines the trapping ef [ ciency.

A typical measurement is shownin Figure [5], with are-trapping ef L tiency of ~20%.
We notice, that the number of retrapped atoms peaks after ~800 ms and decreases after-
wards. This behavior isin perfect agreement with the model (equation 4.38), and explained
by alinearly increasing pressurein the vapor cell after the valve to the ion pump is closed.
The loss rate from the trap is pressure dependent and causes the number of atoms in the
trap to decrease with time,

Encouraged by the high trapping ef Ctiency measured in the descri bed setup, we used
this knowledge to design anew trapping cell to be coupled to the mass separator. Two basic

conlgurations seemed feasible.

Radi oactive ions are neutralized before they enter the trapping cell, which requiresa
hot neutrali zer surface close to the entrance of the trapping cell. After neutralized, the

atoms spray into the dryIm coated trapping cell, where aMOT captures the atoms.
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This conCuration has been used successfully at TRINAT to trap 8™ K and *7 K [21]

and at Stony Brook for ™ Rb and 2% F'r [ 20].

The ion beam is implanted into a catcher foil mounted insde the MOT vacuum

chamber. Atoms are rel eased upon heating of the catcher foil and trapped by the MOT.

The advantage of the second conQguration is the more ef [cient i ntroduction process
of the radioactive species into the vacuum chamber of the MOT, while the presence of
the hot catcher foil itself mounted interna to the trapping cell seems disadvantageous.
Nevertheless, the realization of such a conguration has proven to dramatically improve

the overall ef(iency and is described in the next section of thisthes's,

4.3 The Coupling of a MOT and a Mass Separator

The mass separator design used in the experiment is described in detall in Chapter 3.
Brielly, athermal ion source provides the radioactive ion beam, while the separator deliv-
erstheionsefkiently to the catcher foil. Whilethe off-line setup described earlier featured
glass valves to contain the atomswithin the cell, a trapping cell coupled to the mass sep-
arator obvioudy needs an entrance hole for the ion beam, thus leaving an opening for the
atoms to escape after released from the catcher foil. Hence, the ratio between the surface
area of the trapping cell and the surface area of the entrance/exit hole and the catcher foil
sets alimit on the number of bouncesthe atom takes before being lost. Therefore, a large

trapping cell with small openingsis preferable.
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In the case of an external neutralizer conlguration, the use of a small entrance open-
ing would lead to a very small number of atoms entering the cell, resulting in a very low
overall trapping ef (ciency. In the case of aninternal catcher foil, theion beam can easily be
focussed, thus minimizing the number of ions being lost when the ion beam enters the cell.
The maintask in an interna neutralizer setup isto ef(iently release neutral atoms without
damaging the non-stick dry[dm coating of the trapping cell. Secondly, due to the necessity
of an entrance and an exit opening, alarger trapping cell is desirable. Fortunately, the con-
version ef(iency of the Ti:Sa crystal peaks at 780 nm, thus more output power from the
Ti:Saisavailable at thisfrequency. We routinely achieve output powers of ~2.5W at 780
nm. As aresult the use of a 80 mm trapping cell with 5 mm entrance and exit holes was
constructed.

As mentioned before, the geometry of the trapping cell sets a limit on the average
number of wall bounces. The cell used in our setup features an average of 600 collisions
of the atoms with the surfaces of the trapping cell in the case of an ideal coating and it also
has a large singl e pass trapping ef [ ciency due to the large diameter of the laser beams. A

schemati c of the trapping cell used in our setup is shown in Figure [6].

4.4 The Laser Setup

The laser setup of the ef[tiency measurement was very similar to the setup used to trap
radioactive atoms. A schematic of the laser setup is shown in Figure [7]. We will focus
now on the changes necessary to trap radioactives. A argon ion laser (Coherent Sabre) is

used to pump two Ti:Sa lasers, the [rst one delivering the intense, single frequency |laser
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6.A schematic view of the trapping cell is shown. The ion beam enters through the
col limator and the 5 mm entrance opening, passes through the trapping cell and hitsthe 5
mm catcher foil. Upon heating, the atoms are released into the cell and captured by the
trapping laser beams. A push beam ki cks the atoms through the transfer port into a second
MOT where the G-asymmetry measurement i s performed.
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7.The layout of the laser table is shown. An argon-ion laser pumps two Ti:Salasers, one
used for trapping, whiletheother is used for ultra-sensitive detection purposes. Both lasers
are frequency stabilized by locking them to the relevant atomic transitions in 8°Rb using
saturated absorption.
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beam that is used to perform the trapping experiment, while the second Ti:Sa, operated in
low power conguration, provides an i ndependent probe beam for ultra-sensitive detection
purposes.

It has proven to be very advantageous to have a second Ti:Sa available, especialy
when searching for the trapping signal of the 82Rb atoms. Uncertain about the size of the
expected trapping signal, we tried a setup of different detection schemes, ranging from
smpl e Cluorescence detection to the more sensitive phase-sensitive detection scheme, and
[hally photon counting.

The trapping laser is tuned to the D, line of Rb at 780 nm and locked to the peak
of the 5812, F = 3 — 5Py, F' = 3,4 cross-over transition of ®Rb using a saturated
absorption method [106]. In detail, we compensate for the i sotope shift between 2Rb and
85Rb (see Figure [1]) with a double-pass acousti ¢ optical modulator (AOM) driven at 268
MHZz that provides the 536 MHz frequency shift needed to excite the 55,5, F' = 3 —
5Py, F' = 3,4 cross-over transition of 3°Rb in the vapor cell. This setup, Crst published
by Hall [108], is shownin Figure [8]. With little optimi zation of theintensity and alignment
of the probe beams we achieve atight lock. Asaresult the mainlaser beamis easily tuned
tothe 55,5, F = 3/2 — 5P, F' = 5/2 in *?Rb and we have measured only small
frequency drifts that corresponded to an uncertainty in the laser frequency of ~500 kHz,
well below the required stability that we need for trapping.

Instead of using a laser diode system, which is commonly used to repump atoms

from the 5512, F' = 1/2 ground state, we use an electro-optical modulator (EOM) to add
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8.The saturated absorption setup and the corresponding e ectronics.
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sidebands at 1.470 GHz to excitethe 5512, F = 1/2 — 5Py, F' = 3/2 trangition. This

sideband method has two very desirable features:

1. The use of the EOM dliminates the need for a additional laser diode and corresponding
locking electronics, thus smplifying the setup. Especialy when searching for poorly
known frequencies of the trapping and repump transition in 82Rb. The presence of

only asingle laser (the Ti:Satrapping laser) simplillkes this search dramatically.

2. The EOM allows us to switch from trapping 82Rb to °Rb very quickly. It turns out,
that the repump transition frequency in ®Rb can easily be exited by changing the
EOM frequency to 1.463 GHz and the use of the second harmonic generated by the
EOM. The EOM is driven with ~4 W of RF power which adds enough laser power
into the second harmonic sideband at 2x1.463 GHz to trap 8°Rb. Thisvery fortunate
situation allows us to switch from trapping ¥2Rb to 8Rb in afew seconds while using

only asingle EOM.

The laser beam is split into three separate laser beams, expanded with a three lens
telescope, and steered into the MOT. The MOT is formed by six circularly-polarized | aser
beams with a usable diameter of 5 cm and a 1/€* width of 10 cm, which enter the cubic
trapping cell through each surface. We use the retrorelJected beam approach, rather than
the six-beam conlguration, since the attenuation of the laser light caused by the relatively
small number of trapped radioactive atoms can be neglected. The power in each beam is
measured to be 200 mW, and a set of large anti-Helmholtz coils generates the required

guadrupol e CEld gradient of 7 Gauss/cm in the axial direction.
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It should be mentioned that for thetransfer of the atomsinto the second MOT outlined
in detail in Chapter 5, part of the main laser beam is split off and steered to the second
MQT. It is important to use the six-beam setup in the second MOT since the ef(ciency
of the transfer process shows a strong dependence on the alignment of the second M OT

relative to the push beam.

4.5 Light Detection Devices

A variety of detection devices are used to observe the [uorescence from the trapped atom
cloud. On the following pages | will outline the use of different detectors and el ectronic

setups required by the different detectors conlgurations.

4.5.1 The CCD-Camera

By far the s mplest, cheapest, and most convenient detector used in both experimentsisan
ordinary CCD surveillance camera connected to a black and white monitor. However, the
use of large laser beams in the trapping cell causes a huge amount of scattered light that
can limit the use of the CCD camera. Neverthel ess, when optimizing the M OT parameters
(e.g. detuning, alignment, and magnetic (el d gradient), the camera provesto be extremely
convenient. We were fortunatethat, even when trapping radi oactive *2Rb, the camerais ca-
pabl e of detecting thetrapped atom cloud using an opti mi zed viewing position to minimize
the amount of the scatted light (see Figure [9]). We can detect ~100,000 trapped atoms

with the CCD camera.
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9.A picture taken with the CCD camerais shown. The [Cuorescing cloud corresponds to
~1x10° 82Rb atoms.

It isknown that the density of atomsina MOT remains constant as aresult of radi-
ation pressure [55]. Therefore, the CCD camera can be used to determine the number of
atoms in the trap by ssimply measuring the size of the cloud. While this method | acks ac-
curacy for small numbers of atoms, it is useful as a cross-check to the more sophi sti cated
[uorescence detecti on techni ques. We [hd good agreement of the number of trapped atoms
determined with the CCD camera and the results obtained from a PMT or photodiode, if
we assume a density of ~10' atoms/cm? in thetrap. This number has been published in
the literature [55] asatypica density obtained in MOTs and adds con[dence to the results

we obtai n with the other detectors.
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4.5.2 Calibrated Photodiode

The determination of the number of trapped atoms in the MOT requires a calibrated de-
tector system. Reasonable accuracy, on the order 20-30%, is achieved by imaging the
Cuorescence of the cloud onto a calibrated photodiode. We are using alarge area (1 cm?)
photodiode with a quantum ef(ciency of ~55% at 780 nm and ~60% at 850 nm, respec-
tively. The photodiode (PIN-10DP) ismanufactured by UDT SensorsINC. The photodiode
was connected to a home built 1-V converter. The calibration is done with a NIST trace-
ablelight source (BNC Light Pulse Generator, Model 6020) featuring a precision of ~10%
over arange of 10-70 W (see Figure [10]).

The main purpose of the photodi ode combined with the simple |-V converter was to
perform the retrapping ef(tiency measurement. Here, the large number of atoms trapped
does not require any special means to suppress background. However, more sophi sti cated
detection devices and schemes are necessary in case of the trapping of much smaller num-

ber of atoms.

4.5.3 Photomultiplier Tube

Detecting small numbersin the trap requires a more sophisticated approach. First, the use
of a more sensitive detector proved to be important. We used a broadband Hamamatsu
photomultiplier tube (Model R636-10) which peaks in the UV but has a relatively high
quantum ef(ciency of ~10% at 780 nm. The active area of the tube is 3 mm wide and 12

mm tall which simpliCes the alignment of the detector with respect to the trapped atoms.
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10.The calibration data of the PIN photodiode / 1-V converter is shown. We use aBNC
light source with an absd ute accuracy of ~10 %. Thelineis alinear regression [t which
shows very good agreement with the data set.

We are using the photomultiplier tube exclusively in combination with alock-in am-
plilCker to perform phase-sensitive detection of the trapping signal. The details of this detec-

tion method are described on the foll owing pages.

4.6 Detection Schemes

A variety of detection schemes are commonly used to determine the number of trapped
atoms. The most accurate method was devel oped by Gibble ez al in the “monster trap”

setup [107]. In the case of Cs, atoms are optically pumped fromthe F' = 4 to the F' = 3
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ground state by using ashort | aser pulse and recording the [Liorescence during the pumping
process. With known spontaneous emission branching rati os, one determines the average
number of photons emitted per atom, thus the integral of the Cuorescence is proportional
to the number of atoms trapped. The advantage of this method is that it is independent of
laser power and laser frequency. This allows an accurate determination of the number of
atoms trapped.

A much ssmpler approach isto image the Cuorescence from the trapped atom cloud
onto acalibrated detector and calcul ate the scattering rate. The scattering rate is the number

of emitted photons per second per atom and is given by

L
Rgear = j}satﬂ-r Ao (4.39)
14 Tt 4(F>2

where [ is the sum of the intensity of the six laser beams, I, is the saturation intensity,
I'is the assumed 6 MHz natural linewidth of the transition, and A is the laser detuning.
Thus, one only needs to measure the detuning and theintensity of the trapping laser beams
to calcul ate the scattering rate.

With the scattering rate in hand, one needs to measure the [Cuorescence F,;,,,,s Orig-
inating from the trapped atom to determine the number of trapped atoms. The number of
trapped atomsis given by

F, atoms
N otoms = ) 4.40
! Rscat ( )

where the units for F,,,,,. is photons/sec which includes the speci [Ics of the detector ge-

ometry and the detection method, as well as any | osses in the detector arrangement. Once
thecalibrationis done, this method provides a rather s mpleway of calcul ating the number

of trapped atoms.
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4.6.1 Phase-Sensitive Detection

Phase-sengitive detection is a method to suppress the background by modul ating the trap-
ping signal using an oscillating reference signal. The reference signal is fed into alock-in
ampliCer (Stanford Research Systems Model SR830) which eliminates almost the entire
background due to scattered light. Here, we take advantage of the large differencein in-
tengity of the trapping and repumping laser beam. Modulation of the trap [uorescence is
easily achieved by turning the repump laser beam on and off. This is achieved by turning
the EOM, that creates the sidebands, on and off at a conveniently chosen rate of ~4 kHz.
Without the repump, the atoms are pumped into the dark state and the trap [Liorescence
vanishes, thus modulati ng the trapping signal .

In addition, the trap Cluorescence is detected using an imaging lens ( focal length =
58mm, f/1.4) and apinhole(0.1-3 mmdiameter) arrangement, which reducesthe scattered
light background signal even further. The entire setup is carefully calibrated, taking into
account losses due to uncoated surfaces, the solid angle, and modul ati on effects caused by
the phase sensiti ve detection technique to alow the determination of the number of trapped
atoms by detecting the Cluorescence from the trapped atom cloud. As alower limit, we
can detect ~4000 atoms in the trap with the PMT in phase-sensitive detection mode. The
uncertainty in the number of atoms trapped using this technique is estimated to be ~30%

(limited by the uncertainty in the laser detuning).
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4.6.2  Photon Counting

The most sensitive detection scheme that we investigated uses photon counting. The
scheme is shown in Figure [11] for the case of 85Rb. The atoms in the trap are further
excited out of the 55, state to the 7.5, state using a probe | aser tuned to 741 nm. From
the 75/, state, the atom can decay to the 6P 2 or the 6 P, states and then decay further
to the 551/2 ground state by emitting a blue photon (421 nm). With the help of an interfer-
ence [ter centered at 421 nm the scattered light from the trapping cell can be suppressed
dramatically.

The PMT signal is amplilled and the pulse height is analyzed using standard NIM
electronics. Since the pulse height is proportiona to the energy of the detected particle,
it is possible to distinguish between the “blue photons” originating from the trap and the
background which we attribute to the ~ radiation originating from the 32Rb atoms accu-
mulated in the catcher foil. Those v-rays are much more energetic than the blue photons,
which is re(lected in the pul se height of the PMT signal. By setting a gate around the en-
ergy region of interest, the background signal can be strongly suppressed. The resulting
signal isconverted into a TTL pulse and counted with an ORTEC 776 scalar.

Typica noise levels using this method are on the order of ~0.1 countsg/sec. While
the trapped atoms typically cause very large count rates (~0.01 count/sec/atom). Conse-
quently, we were abl e to detect as few as 10 trapped atoms. However, the theoretical limit

of this techniqueisasingle trapped atom.
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11.The energy levelsin Rb for the detection of blue photons are shown.
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Chapter 5
Trapped Radioactive Rubidium Atoms

In this chapter, we will focus on the trapping experiment and atomic structure mea-
surements performed with trapped 82Rb in the MOT. The very cold atomsin aMOT repre-
sent awell suited ensemble which allows for avariety of atomic structure measurements.
The systematic perturbations, namely the small Zeeman and Stark shift caused by the el ec-
tric and magnetic [l ds present in the MOT (on the order of =1 MHz) can relatively easily
be corrected or in some cases neglected all together. A variety of examples for atomic
structure measurements performed in MOTs can be found in the literature [109, 110], with
Reference [111] representing the most precise measurements performed with trapped ra-

dioactive atoms despite the very small number of 21°Fr atoms trapped.

5.1 Laser Setup for *’Rb

The laser setup for trapping atomsfrom the mass separator is described in detail in Chapter
4. Briely, the output beam from a commercial Ti:Salaser (Coherent 899-21) is used to
trap radioactive 32Rb atoms released from the yttrium catcher foil that is located inside
the trapping cell. The Ti:Salaser istuned to the D» line of Rb at 780 nm and locked to
the 5S1/2, F = 3 — 5P39, F' = 3,4 cross-over transition of ®Rb using a FM sideband
technique [108]. A double-pass acoustic-optica modulator (AOM) driven at 268 MHz
provides the 536 MHz frequency shift needed to excitethe 55, o, F' = 3/2 — 5P5 )5, [ =

5/2 trapping transition in ¥2Rb [112]. In order to repump atoms which accidently fall
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into the 551 /2, F' = 1/2 ground state, sidebands are added to the trapping beam by using
an electro-optical modulator (EOM) tuned to 1.470 GHz which excited the 55, )5, F' =
1/2 — 5P; )9, F' = 3/2 trandition. For trapping *Rb, however, the EOM is tuned to 1.463
GHz and the second harmoni ¢ generates the repump light. Trapped atoms are detected by
chopping the EOM at 4 kHz, which modulates the trap Cluorescence signal. The relevant

transitions of 32Rb and ®°Rb are shown in the level diagram of Figure[1].

5.2 Modes for Trapping from the Mass Separator

The dry[dm coated trapping cell is connected to the mass separator using standard vacuum
hardware. Differential pumping throughout the mass separator in additionto a Varian Star-
Cell ion pump mounted immediately before the trapping cell enables us to reach very low
pressures (~1x 10719 torr). The resulting lifetime for theatomsin the trap are 30 s with the
catcher foil continuoudy heated to 750 °C, and 90 swith the foil heating turned off. Thus,
82Rb can be accumulated either in the foil (pulsed mode) or in the trap whil e continuously

heating the foil (continuous mode).

5.2.1  Trapped Radioactive *>Rb Atoms

Figure [2] shows the pulsed release from the catcher foil and the corresponding trapping
signal for 82Rb after implanting ~3 mCi of Rb into the catcher foil.

In the upper half, the temperature of the catcher foil is shown as measured with an
optical pyrometer upon excitation of the heating coil. The second recorded parameter isthe

count rate of the 776 keV ~-rays emitted from the accumul ated %2Rb atomsin the catcher
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1.The energy level diagram for ®2Rb and %°Rb is shown. The trapping transitions
581/2,F — 3/2 — 5P3/2,F, — 5/2 in82Rband 551/2,F: 3 — 5P3/2,F/ — 4|n
85Rb and the corresponding the frequency differences are highlighted.
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2 The upper haf of the Cgure shows the temperature of the catcher foil as measured
with an optical pyrometer and the release of 82Rb from the catcher foil upon heating, by
monitoring the 776 keV ~-rays with a collimated Nal detector. The drop in count rate

indicates that ~35% of the 3?Rb atoms are released and leave the viewing region. The
bottom half of the [gure shows the lock-in trapping signal as a function of time.
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foil as monitored with a collimated Nal ~-detector as afunction of time. The drop in count
rate indicates that ~35% of the 2Rb atoms are released from the foil and leave the region
viewed by the collimated ~-counter. Measurements with and without a negative 300 V
suppression voltage applied to the catcher foil indicate that essentialy al of the activity is
released in the form of neutral atoms. The 1/e release time of the 32Rb activity from the
catcher foil is measured to be ~5 seconds.

The bottom half shows the corresponding lock-in trapping signal as a function of
time. A strong trapping signal is evident with a risetime cons stent with the release prolle
recorded with the collimated ~-counter. Additional measurements with shorter foil heating
timesindicate that the trapping signal decayswith a1/e lifetime of 50 s, corresponding to
a90 strap lifetime and the 75 s half-life of 82Rb when operating in pulsed mode.

We [nd, that no trapping signal is observed if:

Thefoail isnot heated, but 32Rb ions are accumul ated onto the foil[]
Thefoil isheated, but no 82Rb isimplanted into the catcher foilJ

The foil is heated and 82Rb is implanted into the foil, but the magnetic Celd of the

MOT isreversed.

All of the above cross-checks attri bute the Cliorescence signal to trapped #2Rb. The
number of trapped atoms is deduced from the trapping signal using a calibrated photodi-
ode, yielding (64-2) x10° and (3+1) x 10° trapped #Rb atoms for the pul sed and continu-

ous operation, respectively. The difference in the number of trapped atoms in continuous
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and pulsed mode is understandable when one analyzes the trapping process. With life-
timesin the trap in excess of 30 s (when operating in continuous mode) the situation is
best described by accumulation of the atoms occurring in the MOT itself, compared to ac-
cumulation in the catcher foil. Indeed, when we empty the trap and record the trapping
sgna asa function of time, we see the trapping signal dowly growing. Also, when oper-
ating in continuous mode, we carefully optimize the trapping signal and hence the number
of trapped atoms by adjusting the catcher foil temperature. The hot catcher foil itself is
causing asmall gasload, which at most increases the pressure in the trapping cell by afac-
tor of 3, thus effecting the lifetime of the atoms in the trap. Equally important, residual
gas particles dowly accumulate on the cold catcher fail, thus the “history” of the catcher
fail temperature has an effect on the trap lifetime. Thisiseasily understood, since at such
low pressures, it takes time to cover a cold catcher foil with a monolayer of residual gas
molecul es which are rel eased upon heating. Therefore, we strongly believe that the differ-
ence in the number of trapped atoms is strictly due to changing vacuum conditions in the
MOT trapping chamber when heating the catcher foil.

Since the double MOT system is an essentia part of the proposed -asymmetry mea-
surement and continuous operation of the [rst MOT is favorable, we decided to optimize
the number of atoms trapped in continuous mode rather than carefully investigating the
pul sed mode. Nevertheless, the measured numbers are orders of magnitudelarger than any
previous work reported with radioactive atoms [6] and, for the [Tst time ever, are large
enough to alow a high-precision g-asymmetry measurement using trapped atoms to be

attempted.
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5.2.2  Eflciency Considerations

L arge numbers of trapped atoms are essential to the future of measurementsusing a sample
of trapped atoms and their achievement now for 82Rb all ows the redli zation of a (st gen-
eration J-decay experiment of this type. However, improvements in the ef(iency of the
described system are possible.

A true measure of the quality of the described system is its overall ef(ciency. The

ef(ciency of the system can be calcul ated as

(5.41)

Ntotal =

where Ny.qp = 3 x 10° is the number of trapped atoms, 7., = 30s is the lifetime in the
trap, and Ar, = 3 x 108 disintegrations per second is the ?Rb activity in the ion source,
we obtain an overall ef(ciency of ~0.03%. Breaking this down stepwise, we obtain an
ionization and overall separation ef(tiency of ~35%, a catcher foil release ef(tiency of
~30% at 750 °C, and atrapping ef[ciency of ~0.3%.

Large numbers of implanted radioactive 82Rb ions proves that the ioni zation and re-
lease ef[ciency of theion source aswell asthe transfer ef[tiency of the mass separator are
sufCciently high and therefore further improvements promise only margina gains in the
amount of activity accumulated on the catcher foil. The release ef(iency of the catcher
faol asoisrdatively high and can hardly be improved without sacrilcing the vacuum con-
ditionsin the trapping cell. However, the trapping ef (i ency of the M OT, being only 0.3%,
promises the biggest possible gain. As outlined in Chapter 4, the trapping ef(tiency can

only be improved by:



5 Trapped Radioactive Rubidium Atoms 106

(@ using alarger laser beam diameter L - increasing the number of trapped atoms by

N o L% at constant laser intensityJand

(b) alowing the atomsto bounce off the surface of the trapping cell more often by using a

better non-stick drylIm coating.

In our current setup we use quarterwave plates with a usabl e diameter of only 4.6 cm.
Larger waveplates (8 cm diameter) will likely improve the trapping efCciency by a factor
of ~4, but they are hard to manufacture and consequently very expensive.

A simple calculation of the capture velocity of our MOT systemyields alower limit
for the single-pass trapping eftiency of ~1x10~%. Thus, we estimate that a maximum of
30 “bounces” on average occur, despite a theoretical maximum of 600 bounces given by
the ratio of surface area of the trapping cell and the sum of the surface areas of entrance
and exit holes as well as the catcher foil. This lack of agreement between the theoretical
predictions and the experimental results can only be explained by introducing an additional
| oss mechanism that effects the trapping ef[(iciency. The leading candidate obviously isthe
dryCIm coating of the trapping cell which could have an increased chemical reaction rate
with the Rb atoms. Thus, we decided to try to [hd a de[hitive method of eval uating the
quality of the dry1m coating.

A careful investigation of the quality of several dryl1m coatingsis presented in Ref-
erence [113]. Here, an electron microscope scan is used to investigate the quality of the
coating, especialy any spots on the glass surface that have not been coated. Thiswork has

also led to a new technique called “ afterwash”, which removes additional layers of the dry-
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Cmthat is not chemically bonded to the glasssurface, drastically improving the outgassing
rate and sticking time of SC-77 (see Chapter 4). Unfortunately, the described method can
not be applied to the complex geometry of typical trapping cells, and thus only represents
a possible check of the coating procedure rather than a way of evaluating the coating of
our cell. In addition, one would like a measurement which determines the quality of the
coating as a function of time, implying a measurement on the trapping cell in situ.

We have thus proposed a new technique for in situ testing of the dryldm coating
in more complicated geometries typical for trapping cells. The use of the ~-raysfrom the
decay of the radioactive sampl e allows for the measurement of sticking time and uniformity
of the radioactive atoms on the surface. When using an additional col limated Nal ~-counter
we [hd that a large portion of the activity sticks to the cell walls. The measured sticking
time equals the natural half-life of 32Rb which implies that the atoms stick to the wall
permanently. This could be explained by a damaged coating with an increased chemical
reaction rate. Further investigation is necessary to determine if the coating d owly degrades
with time or if the chosen coating procedure is less than optimal. To this end we are using
the v-ray monitoring technique to select the best type of dryIm coating to be used in the

future.

5.3 Measurements on the Trapped Atoms

The trapped atomsin the MOT might be used to perform a variety of atomic physics mea
surements. Lifetime measurementsas well as measurements of the atomic structurein #2Rb

are foreseeable or have been started. Here we will discuss early measurements which de-
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termine the optimal detuning of the trapping laser and measure the exact location of the
5512, F = 3/2 — 5Py5, F' = 5/2 trapping transition in *’Rb.

The experimental setup for these measurements is very simple. A separate probe
beam with a power of 80 4W and a diameter of 5 mm is split off from the main trapping
beam and its frequency is shifted using two AOMs arranged in series. The [rst AOM shifts
the frequency by a [xed amount of - 80 M Hz, the second allows a variable frequency shift
of 55-105 MHz. The AOMs are arranged to give a net shift of +£25 MHz with respect to
the trapping laser. The second AOM is chopped on and off to modul ate the probe beam at
arate of 7 kHz.

When the circularly-polarized, counter propagating probe beam is overlapped with
the trapped atom cloud the result is a partially modulated trapping [Cluorescence signal.
Maximum modul ation occurs when the probe beam is on resonance with the atomic tran-
sition. Theresulting signal is shown in Figure [3] and determines the exact position of the
5519, F' = 3/2 — 5Py, F' = 5/2 trapping transition in 32Rb. This simple measurement
al so represents a crude measurement of the linewidth of the transition. One expects anatu-
ral linewidth similar to the precisely measured linewidth of the trapping transition in ® Rb
(T'=6 MH2z). Our measurement sets an upper limit on the linewidth of 8 MHz, which is
not far off the predicted value, especially if onekeepsin mind that thi ssimple measurement
isaimed to measure the location of the transition but not the linewidth preci sely.

The resulting frequency difference between the 551/, F = 3/2 — 5P3/0, F' = 5/2

transition in ®*Rb and the 5512, ' = 3 — 5P;/2, F/ = 4 transition in %°Rb has thus been
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3The measurement of the linewidth of the trapping transition 5Si,, F = 3/2
— 5Py, F' = 5/2 using a pair of AOMs to provide the frequency shift of 425 MHz
is shown. The second AOM is chopped at 7 kHz to modulate the trapping [Liorescence
sgnal.

measured to be 5365 MHz, which is in good agreement with the previous measurement
of 540+7 MHz done at ISOLDE [112].

With knowledge of the exact location of the 5512, F = 3/2 — 5P, F' = 5/2
trapping transition in 2Rb, we can determine the optimal detuning of the trapping | aser by
smply changing the laser frequency and recording the [Cuorescence signal of the trapped

atom cloud as a function of laser frequency. We [hd the maximum [Cuorescence signal
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4.The Cuorescence signa from the trap as afunction of aprobe laser frequency is show.
We use this technique to determine the optimal detuning of the trapping | aser.

at atrapping laser detuning of -17+1 MHz (Figure 4) and, when cal culating the number
of trapped atoms by including the scattering rate and the measured detuning values, we
[hd the maximum number of trapped atoms at a trapping laser detuning of -20+1 M Hz.
However, the differenceinthe number of trapped atoms between a laser detuning of 17 and
20 MHz is only 10-15%.

Following the same approach, we are currently working on a scheme to measure

the hyperCne splitting of the 5512, 5P /2,and 5P » states, the isotope shift of 82Rb, and
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possibly some of thelifetimesof theatomic states using atechnique described in Reference

[111]. Theresults of the atomic structure measurements will be published at alater time.



Chapter 6
High-Precision Measurements using Trapped
Atoms

A variety of possible experiments to probe the Standard Model of electroweak in-
teractions are foreseeable with an intense point-like source of trapped atoms. Each of the
experimentswill have a need for a specially designed and opti mized detector chamber, but
the generd layout of the experiments are very much aike. In this chapter, | will outline
the “next step” that needs to be taken, after the successful trapping of a large number of

radioactive atoms as demonstrated herein.

6.1 The Layout of the 3-Asymmetry Experiment

Currently under construction, the 3-asymmetry setup will serve as an example to outline
the general layout of the proposed high-precision experiments. While the trapping vessd,
coupled to the mass separator, requires large and intense laser beams and the use of a
dry(dm coating, the requirements for the detector chamber are somewhat different. In
redlity, itisextremely difCkcult, if not impossible, to design an ef [cient trapping cell that can
doubl e as a detector chamber. For this reason, the trapped atomswill need to be transferred
to a second chamber that is optimized for the desired detector arrangement. The general
layout of the proposed beta-asymmetry measurement in 82Rb is show in Figure [1]. Atoms
are produced i n the ion source, mass separated and implanted into the catcher foil within the

trapping cell. Upon heating, the atoms are released and trapped in the MOT. After being

112
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1A overview of the 2Rb 3-asymmetry measurement is shown. 32Rb atoms are ionizied
in athermal ion source and mass separated. The ions are implated into a cathcer foil
within the trapping cell. Upon heating, 82Rb atoms are released and trapped by the M OT
beams. Thetrapped atoms are pushed into a second MOT, spin-polarized and | oaded into a
magneti c moment trap where the 5-asymmetry measument is perf ormed.

trapped, the atoms are pushed into a second MOT, spin polarized using optical pumping
techniques and loaded into a magnetic moment trap to achieve high spin-polari zation with
awell de[hed orientation of the nuclear spinin space. In addition, a 5-detector is mounted

in the vacuum chamber of the second MOT / magnetic moment trap.

6.2 Transferring Atoms

Devel oped for the production of large Bose-Einstein condensates [ 114], the two MOT sys-

tems present asimpleway of overcoming fundamental limitationsinasingle MOT system.
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In particul ar, the product of the number of trapped atoms times the conChement time, N 7
is largely enhanced. The loading rate into a MOT increases with the density of the alkali
vapor, but the conChement timeisinversely proportional to the pressurein the chamber due
to col lisions between the trapped atoms and the rel ativel y hot atomsin the background gas.
For most applications, including the 3-asymmetry measurement which we are interested in
here, along conChement time in addition to alarge number of trapped atoms is desirable.
In particul ar, the very | arge gamma-count rate caused by 82Rb atoms that remain within the
catcher foil and the necessity of an all-glass surface causes the [rst MOT to be unsuited for
a high-precision experiment.

A system with two MQOTSs, the [tst one being optimized for the efient trapping
from the mass separator while the second one is optimized for the measurement of the
asymmetry function, overcomes the limitations of a single MOT. It has been shown that
the product N can be increased by a factor of more than 1000 in a double MOT system
[115, 114]. M oreimportantly for the 5-asymmetry experiment, the density of the untrapped
background gas that would increase the decay rate can be lowered dramaticaly due to
achievable transfer ef(iencies from the [ist MOT into the second MOT of ~90%. Also,
the much lower pressure achievable in the second MOT will allow storage times of severa
hundreds of seconds inthe magnetic trap, equally important for the proposed G-asymmetry

measurement.
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6.2.1 The Double MOT System

The apparatus for loading the trapped atoms into the second MOT is shown in FHgure [2].
A quartz adapter with astainless steel bellowsis attached to the 5 mm diameter exit port of
the trapping cell. The bellowsisincluded to compensate for thermal expans on during the
vacuum bake out of the system, thus minimizing the possi bility of cracking the quartz cell.

We achieved remarkably low pressuresin the [rst MOT and the conChement time
7 of the trapped atoms has been measured to be ~100 s, which corresponds to a pressure
of ~3x10~'° torr. Since the conductance of the 40 cm transfer tube (1.1 cm diameter)
is very small (~0.4 I/s in the molecul ar transport regime and under the assumption of no
sticking to the surface walls) it will alow usto differentially pump the second chamber to
even lower pressures. Ultimately, it is desirable to achieve a storage time of the polarized
sample within the magnetic moment trap of ~250 s, thus a pressure of ~1x10~1° torr is
needed.

These ultra-high vacuums can be achieved by using the combination of anion pump
and alarge titanium sublimation pump. We are using two 20 I/s Varian StarCell ion pumps
to remove the noble gases and a Varian titanium sublimation pump which features a much
larger pumping speed for active gases, especially hydrogen. The titanium sublimation
pump is mounted within a tube of 3.7 cm diameter, the Clament has a length of ~10 cm,
thus ~ 100 cm? can be coated with titanium. As aresult, one expects the pumping speed for
the titanium sublimation pump to be ~300 I/sfor hydrogen at room temperature, in which
case our pumping speed would be limited by the conductance of the tube that connectsthe

pump to the MOT chamber (~150 I/s). It should be mentioned that one expects a differ-
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ential pumping factor of ~100 for mobile species such as hydrogen or helium whereas the
sticking time of Rb on stainless steel is very long and theref ore the conductance for Rb is

negligibly small.

6.2.2 Magnetic Guidance

It iswell known since the early 1950s that i nhomogeneous magnetic (el ds may be used
to guide or focus neutral particles with a permanent or induced magnetic dipole moment
[116, 117]. Infact, a ILL a magnetic storage ring was built to conChe dow neutrons in an
attempt to measure the natural beta decay lifetime of the free neutron [118].

Similarly, magnetic [elds can be used to guide atomsthrough atransfer tube to pre-
vent collisions with the surface of the vacuum vessel. This was [tst demonstrated at JILA
[115, 114] where transfer effciencies of up to 90% were achieved. Recently, we have
achieved transfer ef(ciencies of 75415% for stable ® Rb atoms. We are currently working
on the eftient transfer of 82Rb into the second M OT.

In the magneti c gui dewe use ahexapole [Eld to provide a two-dimensional harmonic
potential for the transfer of spin-polarized atoms. Surprisingly simple, the origina work
used an arrangements of small kitchen magnets, but rather successful can the atoms be
transferred. However, since the magnetic stray [Eld of the permanent magnets could eff ect
the pol ari zation of the sample inthe magneti c trap, we have designed asomewhat more so-
phi sti cated magnetic guide. The guide is machined of soft iron to minimize stray Celds, es-
pecially at the ends of the transfer tube, to minimize depolarization effects of the magnetic

stray [Eld on the atoms in the magnetic moment trap. The use of extremely inexpensive
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3.A cross sectional view of the magnetic guide is shown. Permanent magnets are ar-
ranged in a hexapol e con[guration. A soft iron return yoke around the outside minimizes
stray [Elds. Theinner diameter of the stainless stedl transfer tubeis 1.1cm.

permanent magnets, with aremarkably strong surface CEld of 2000 Gauss, provides arela
tively strong guiding potential aong the tube axis. A cross sectiona view of the magnetic

guideisshown in Figure [3].

6.2.3  Pushing the Atoms

The trapped atoms are pushed with alaser pulse derived form one of the trapping beams.
Sincethefrequency of thetrapping laser is shifted toward thered of the transition, the push
beam is passed through a double AOM arrangement which shifts the laser frequency back
onto resonance. The AOM isaso used as a fast shutter quickly turning the push beam
on and off. A \/2 wave plate is necessary to adjust the polarization with respect to the

magnetic Celd.
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The push beam is ~3 mm in diameter and the intensity is ~1 mW/cm? when the
light hits the atoms in the MOT. Two possible transfer procedures have been investigated

to move the 32Rb atoms from the Crst MOT to the second MOT:

In the C¥st scheme, the ion beam is steered onto the catcher foil and the 8?Rb
accumul ates for ~3 minutes. Upon heating, the atoms are released into the [rst
MOT and captured by the laser beams. After lcading the MOT for ~10 seconds, the
magnetic Celd of the MOT is quickly turned off, the atoms are cool ed using optical
molasses cooling for 5 ms, after which the push beam is turned on (~1 ms) and the
atoms are pushed through the magnetic guide and recaptured by the second MOT.
Here, the 82Rb atoms are accumul ated in the catcher foil rather than in the second

MOQOT.

In the second method, the ion beam is steered onto the continuoudly heated catcher
foil, atoms are continuously released and captured in the [rst MOT. The magnetic
[Eld of the [ist MOT is quickly turned off every 3 seconds, the atoms are mol asses
cooled and the push beam accel erates the atoms through the transfer tube into the

second MOT where they are accumulated.

This second scheme seems advantageous since, in the current setup, we [hd only a
factor of two differenceinthenumber of trapped atomsin the pulsed and continuous mode.
With arealistic repetition rate (~20 |oads within the 75 shalf-life) and an assumed transfer
ef(Iciency of ~50%, which we have already demonstrated, we should be able to load ~20

million atoms into the second MOT.
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6.3 Magnetic Trapping

TheMOT isasmple, inexpensive, and convenient way to trap and store atomsfor relatively
long times. Unfortunately, it also suffers from a variety of limitations. Generally, high-
precison experiments are in need of a cold, point-like, relatively dense, and polarized
sample to perform the desired experiment. The presence of laser light inthe MOT limits the
achievabl e temperature, lifetime, density, and degree of polarization that can be achieved.

When trapping large numbers of atoms, the cloud becomes optically thick. As a
result, a photon can scatter multiple times before it leaves the cloud. The resulting re-
radiation trapping leads to a repulsive force between the atoms which limits the achievable
densitiesto values on the order of n. ~ 10! atoms/cm?®. Secondly, the cooling process of
theatom is based on the absorption and re-emi ssion of photons. Asaresult, thetemperature
of the atoms in the cloud is limited by the momentum transfer of the photons. Typical
temperatures achievable in MOTSs are a few times the single photon recoil temperature,
where the recoil temperatureis

G

r =

mk:B ’

More importantly, the “global” polarization of the atomic cloud that is absolutely
essential for the 5-asymmetry experiment can only be achieved by misaligning the laser
beams giving achievabl e polarization of ~70% [54].

Finally, the lifetime of the atoms in the trap is limited by inelastic intra-trap colli-
sons. Two different collision processes occur, namely light assi sted collisions and hyper-
[he changing collisions. The hyperChe changing collision involves two ground state atoms

that collide and release one or more units of ground state hyperChe energy. For strong
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MOQOTs this process becomes unimportant since the relatively small hyperChe energy can
only gect atoms out of weak traps. The second process, however, leads to the limited life-
time of the atom in a strong trap. The light assisted collision losses are rooted in the low
temperature of the atomsin the MOT, where a collison time may be comparable or onger
than the spontaneous emission time. As a result, the absorption and emission of photons
make important contributions to the collision dynamics. Two atoms that are widely sepa-
rated absorb a photon and, as a result of the strong dipole force, accelerate towards each
other. Because of the low temperature of the atomsinthetrap the pair of atoms have along
time to undergo spontaneous emission during this collision. After spontaneous emission,
however, the atoms have a much higher kinetic energy. Thus, the atoms may be g ected
from the trap if the resulting kinetic energy of the atom is larger than the trap depth [114].
This effect imposes a trade-off since both the capture vel ocity and the light assisted colli-
sonsincrease with laser intensity.

These severelimitations of MOTSs lead us to the use of magnetic trapsto achieve high

densities, high global polarizations, and extremely long storage timesin the trap.

6.3.1 The Magnetic Trapping Principle

The Stern-Gerlach experiment in 1924 (st demonstrated the mechanical action of inho-
mogeneous magneti c [elds on neutral atoms having magneti c moments, and the basic phe-
nomenon was subsequently developed and re[hed. For instance, magnetic hexapole | enses
for focussing of neutral atoms were used in the [fties [116, 117]. The interaction of the

magnetic moment p of the atom and the inhomogeneous magnetic [eld produces aforce
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which is given by

F = —V(p-B) = —|p|(VIB]) cos(u, B) . (6.42)

6.3.2 Field Geometries

W. Paul originally suggested a quadrupole trap consisting of two identical cails that carry
opposite currents [51]. This trap has a single center, where the [ield is zero, and represents
the smplest of al possible trap con[gurations. The trap features equal depth in the radial
plane (x-y plane) and the longitudinal (z-axis) directions when the coils are separated by
~1.25times their radius. Its smplicity and the tight conChement of the atoms in the trap
makes the quadrupol e trap very attractive.

The Celd is zero at the origin and increasesin all directions as |B| = A\/p? + 422
where p? = 22 + y? and the (el d gradient A = const. The Celd gradient is constant along
any line through the origin, but has different valuesin different polar directions. Thus, the
forceF = —V(u-B) that conChes the atoms isnot harmonic. Such atrap hasbeen used in
the Crst neutral atom trapping experiments at NIST on laser cooled Na atoms with storage
times of about one second as limited by background pressure [49].

Longer storage times could not be achieved, however, by smply lowering the pres-
sure in the vacuum chamber. When reaching storage times of a few seconds, the total |oss
rate isno longer dominated by collisions with the hot background gas since a second term
isintroduced that is caused by the magneti c [l d geometry of the trap itself. When an atom
passes through the trap center where the magnetic [eld is zero the force abruptly changes

sign and the atom experiences a change in the orientation of the magnetic moment rela
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tivetothelocal [Eld direction. This situation all ows M agjorana spin-Lip transitions to occur
[51]. Asaresult of Mg orana transitions, the atom no longer is in a “weak [l d seeking”
state and i s g ected from the trap.

Since this additional loss-rate can be completely avoided when desi gning a magnetic
trapwith |B| # 0 atthe center, avariety of new trapping con[gurations wer e developed and
successfully used to conChe atoms. A detailed investigation of the most popular trapping
con[gurations, for instance the baseball trap and the loffe trap, can be found in Reference
[51]. Recently, anew type of trap hasbecomea celebrity due to the successful achievement
of BEC in such atrap. The Time-Orbiting Potential (TOP) trap is a simple quadrupole
trap which overcomes the additional |oss rate due to Mgorana transitions by adding an
orbiting bias [&ld that rotates the origin of the quadrupol e potential in the equatorial plane
at atypical rate of a few kHz. This frequency is large enough to make it impossible for
the atom to follow and “see’ the zero magnetic Celd, but much dower than the Lamor
frequency which would drive the atoms out of the trap. As a result, the time-averaged
potential isa non-zero [eld congurati on which features a much tighter conChement than

typica loffe traps[60].

6.4 The Detector Chamber

We have designed and built a detector chamber that will be used in the prototype 3-decay
experiment. The chamber allowsfor thetransfer of atomsfrom the Crst M OT into a second
MOT using the techni que described at the beginning of this chapter. Also, al the necessary

components for a TOP trap as well as a number of diagnostics ports are included. In ad-
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dition, up totwo -detectors can be mounted simultaneously to perform systemati c checks
of the detector system and to explore any acceptance perturbations caused by the rotating
bias Celd.

The -decay experiment will be performed in the following matter. First, the 32Rb
atoms are trapped in the [rst MOT as described in this thesis. After accumulation in the
MOT, a push beam is turned on that polarizes and ef(tiently transfers the atoms into the
second MOT. Since the velocity of the transferred atomsis less than the capture velocity
of the second MOT, the mgjority of the atoms are retrapped and held in the second MOT.
The 3-decay measurement requires the knowledge of the nuclear spin-state of the atom,
thus the atoms need to be in the |FF = 3/2,mr = 3/2) fully-stretched state. To achieve
a high loading ef[ciency into any magnetic moment trap, one needs to opticaly pump the
atoms into the stretched state prior to loading into the TOP trap. As demonstrated in the
literature, a short circular-polarized laser pulsetuned to the 55, o, F' = 3/2 — 5P5 5, [ =
3/2 trangtion, in combination with a magnetic Celd will pump the atoms quickly into
the desired | = 3/2,mp = 3/2) state. Following the optical pumping, the magnetic
quadrupol e CEld is ramped up and the rotating bias [eld is turned on. The ef[iency of the
described | oading procedure into the magnetic trap is reported to be ~90% [114]. Since
the trapped atoms are in the stretched state, the orientation of the nuclear spin of the atom
can be reconstructed at any particular instant of time, by recording the current in the bias
coilsasafunction of time. Thisinformation will berecorded on an event-by-event basis as

triggered by positron events recorded in the scintillation detector



6 High-Precison Measurements using Trapped Atoms 125

64.1 Vacuum Considerations

The 75 s half-life of ®Rb determines the required storage time of the atoms in the magnetic
trap. Itis desrable to store the atoms within the trap aslong as possible but a storage time
of three times the half-life of the trapping species is suf(ient. Since the storage time of
the atomsin the magnetic trap scal es directly with the pressure of the hot background gas,

the required pressure P (in torr) inthe detector chamber is given by

1
- 3.3 X 10160'b’Ub T ’

(6.43)

where 7 isthe desired storage timein the trap and ov, ~ 10~%cm?/sec. Hence, to reach
a storage time of the atoms in the trap of ~250 seconds we need to achieve a pressure in
the detector chamber of ~1x 1071 torr,

We have chosen a pair of 20 I/s Varian StarCell ion pumps in combination with a
Varian Ti-ball sublimation pump, which yields a pumping speed of ~1500 I/s (for Hs), to
achieve the desired pressure in the trapping chamber. Due to the high vapor pressure of the
plastic 3-detectors, the trapping chamber needs to be separated from the “rough” vacuum
of the detector chamber. A thin Ti foil (50 pm thickness) effectively separates the detector
chamber from the trapping chamber without signi Ctantly hindering the 5 -particles that

reach the detector.

6.4.2  The Time-Orbiting Potential Trap

The invention of the Time-Orbiting Potential (TOP) trap was an important milestone in
achieving Bose-Einstein Condensation (BEC) in a dilute gas [61]. In BEC work, it is

essential to create a very tight trapping potential since one of the goalsis to increase the
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density of the trapped atom cloud. However, the density of the atom cloud is lessimportant
inour particular case. Nevertheless, the TOP trap has some additional features which are
extremely desirable for a 5-decay experiment. This becomes clear when analyzing the
working principle of such a TOP trap (see Figure [4]).

The trapping potential for the neutral atoms is formed by a pair of anti-Helmholtz
coils, that create a strong quadrupole potential. However, as outlined earlier, a smple
guadrupol e potential does not allow long storage times of the atoms in the trap, since a
non-zero magnetic [eld at the origin is required to prevent Majorana spin-Lip transitions.
In addition, the bias [Eld is needed to provide a “net” poarization of the trapped atom
cloud. The TOP trap overcomesthis problem by adding two pairs of bias coils that carry
an oscillating current with a phase shift of £ between each pair. To understand the eff ect
of such an oscillating Celd let us consider a single pair of bias coils that carries a constant
current [t. A constant bias [eld simply shifts the location of the origin of the magnetic
[l d. Asaresult, the atomsreact to the change in the potential and accumul ate at the new
[l d center. Nevertheless, with a second pair of biascoils and an oscill ating current in such
a conguration, we can rotate the minimum of the magnetic [eld faster than the atoms can
fdlow. As aresult, the atoms*“see” atime-averaged potential that does not contain a zero
(el d minimum.

In addition to the long storage times achievable in such a TOP trap, the rotating
magneti ¢ bi as (el d causesthe spin of theatoms to precess intheequatoria plane. Since we
have opticaly pumped the atoms into the |F' = 3/2, mr = 3/2) stretched state, we also

know the orientation of the nuclear spin relative to the magnetic bias [eld. Consequently,
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4.The Time-Orbiting Potential (TOP) trap. The trapping potential for the neutral atoms
is formed by the pair of trapping coils (orange). In addition, two opposing pairs of bias
coils (blue) create a rotating bias [eld. Thus, the time-averaged potential experienced by
the atoms features a non-zero magnetic [l d at the trap minimum.
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we can expl oit the point-like geometry of the trapped atom cloud, and due to the continuous
precession of the nuclear spin, asingle G-detector is suf[ient to measure the el ectron-spin
correlation as a continuous function of positron energy and angle relative to the nuclear

Spin orientation of the atoms.



Chapter 7
Summary

This thesi s reports the successful trapping of 6x10° 3?Rb (t12 = 75s) alomsin a
Magneto-Optical Trap (MOT) with storage times of up to 90 seconds. This represents a
two order of magnitude improvement over previous work. For the [rst time ever, the num-
ber of radioactive trapped atoms is suf(Tient to perform a nuclear 5-decay measurement
to measure the electron-spin correlation A with a precision of 1%, with the potentia to
improve its accuracy to the 0.1% level.

The trapping experiment uses 10 mCi of 2Sr loaded into a thermal ion source of the
hot cavity type. ®2Rb is produced following the electron-capture of the parent ¥2Sr. Once
the 32Rb is produced it is ef[iently vaporized and ionized in the ion source. The #2Rb
ions are extracted from the source, mass separated in a single-stage mass separator and
implanted into a yttrium catcher foil mounted internal to the trapping cell. The trapping
chamber features large laser beams (5 cm usable, 10 cm 1/€? diameter) and adrydm coat-
ing to improve the efciency of the magneto-optical trap. After accumulation of 32Rb in
the catcher foil , the yttrium catcher foil isinductively heated to 750 °C to rel ease the activ-
ity in the form of neutral atomsinto the trapping cell. Theionimplantation and subsequent
heated release from the catcher foil minimizes the gas loading of the MOT and enhances
the trapping efiency.

The ef(iency of the trapping experiment (from the ion source into the [rst MOT)

ismeasured to be 3x10~%. When breaking this down stepwise, we measure an i onization-

129
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transfer efLtiency of ~40% onto the catcher foil, a~30% rel ease from the catcher foil and
a ~0.3% trapping ef Cci ency. We have demonstrated much higher trapping ef (i encies with
stable Cs atoms (~20%) in an independent setup which, in combination with the sticking
time ~y-ray measurements performed on the dryIm coating | eads to the conclusion that the
dry[dm coating works | ess than optimal. We are currently using a~-ray technique to sel ect
a better dryIm coating.

After trapping of the ®Rb atoms, a laser beam tuned to the 55, F = 3/2 —
5P; 5, " = 5/2 transition pushed the atomsinto a second MOT through a 40 cm transfer
tube. The atoms are ef(iently retrapped in the second MOT since the capture velocity
of the second MOT is larger than the average velocity of the pushed atoms. We have
transferred stable °Rb atoms from the [Tt to the second MOT with a measured ef Cciency
of 754+15% and are currently working on transferring the radioactive Rb atoms with
comparabl e ef (ki encies. The Time-Orbiting Potential (TOP) trap has been constructed and
the (-detector arrangement has been tested successfully. We are thus well positioned to
implement the magnetic TOP trap for a [st generation (3-spin correlation experiment in

82RD.
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Appendix

Symbols

In Chapter 3, a number of symbols and constants are used to express the ionization ef(+
ciency of a hot surface and a hot cavity ionizer, respectively. The following list (and the
theoretical part of Chapter 3) isaimed to guide the reader, but can not serve as a substitute
for more detailed publications rel ated to thetopic. For the interested reader, | would liketo

recommend the fol lowing review paper and the ref erences found therein [119].

Ay Richardson’s constant ( = 4wmek?/h? = 120.4 A/ K? cm?).

| oni zation degree n; /no and ionization efCciency n;/(n; + no),
respectively, for surface ionization.

I onization ef(ciency n; /(n; + ng) of thermal equilibrium plasma

n (Saha-equation).

e Electron charge (= 1.60 x 10719 A s).
Statistical weight of atomic or ionic ground state ( ~ 2.Jo; + 1,

00,0 where Jy ; is the total angular momentum of the atomic or ionic
electron shell).

h Planck’s congtant (= 4.14 x 1071° eV s).

o Current density of atoms or ions at the emission orti (e of the

Jos Ji ionizer.

Jeo Thermionic electron current density [ = AoT? exp(— /kT)].

Boltzmann's constant ( = 8.62 x 107° eV/K

k — 138 % 10 mbar cm?/K).

O Mean number of collisions of atoms with the walls of the cavity.
D Debyelength [ = (kT./4mn..e?)'/?].

m BElectron mass ( = 9.11 x 102 g).

Density of atoms, ions or electrons, respectively. Additional
np, n4, ne  Subscript O refersto the density at the wall of the cavity,
subscript p to the density insi de the plasma.
P Plasmapressure[ = kT (no + n; + ne)].
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Ion Optical Calculations

Theion opticsof the mass separator iscalcul ated with GIOS, a software package developed
to smulate complex ion optical systems [100]. GIOS uses the method of transfer matri-
ces to perform its cal culations and features precise predictions of the characteristics of the
simulated ion beam. We [hd good agreement with the predicted values of the quadrupole
and magneti ¢ di pole settings when optimizing the transmission of the mass separator ex-
perimentally.

TheGIOSinput [leis shown which illustratesthe smplicity of the single stage mass
separator. We calcul ate the ion optics up to third order to recognize aberrations. A typical
[ calsfor a minimization of the sum of the matrix el ements [(X, A) + 224 | which

5000

maximizes the transmission through the separator.
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MS- 1 Separator at Los Alanos FF1=sSO
O Date 03/ 28/ 97 MS 1.606 45 .05 O
RP 0.02 8510 FF1=S=T0O
PHASE_SPACE X . 0005 .005 O BLOCK END O
PMSE_SPACE Y . 0005 005 D D kkk kk kk ok kk kk kK Wgnet khkkkkkkkhkhkkkhk khkkkk kk k& %
co330 cBUO
DP 1.5E-030 0 I B ENS O
FIT SI MPLEX O O
O *** Define Variables for Quad | and Quad || ** M = (Y,B) + (Y,BBB) * 0.0001 O
O F A MO 9999999 O
A= -1.7612500E-01 O F (Y,B) 0 9999999 O
B = 3.66098800E-01 O F (Y,Y) -6 9999999 O
E = -2.625823627E-01 O F E Y 2E-3 9999999 O
G = -3.9812500E-01 O P MO
H = 7.803120711E-01 O P NDO
| = -4.553766823E-01 O O
O I B-ENS O
D********** Entrance Sllt kk ok okk kk kk ok kk kk k kk kk k% CB D
O F (Y,B) 0 9999999 O
OL = (X A + (X,AAA) * 0.0002 O DL 1.73 0
DF A L 0 9999999 D D Kk kk kk kk ok kk kk Kk EXIt Sllt kkhkhkkhkkkhkkkk kk ok kk kk kk %
OF (X, AAA) 0 9999999 O P MO
OF (X, X) -1 9999999 O P NO
OF E Y 2E-3 9999999 O L = (X,A) + (X,AAA) * 0.0015 O
OPQ.1.3.5.7.90 F AL 0 9999999 O
OP P (XY 20000 1E-3 10E-3 O F (X A 0.0 99999999 O
OPQ.1.3.5.7 .90 F EY 2E 3 9999999 O

OP P (X A 20000 1E-3 5E-2 O F (X,BB) 2E-1 99999999 O
ASS 468310 F (X, XXX) 0 99999999 O
OPQ.1.3.5.7 .90 F (Y,B) 0.0 99999999 O
OP P (XY 20000 1E-3 10E-3 O PQ.1.3.5.7.90
o0PQ.1.3.5.7.90 P P (XY) 20000 5E-3 5E-3 0O
OP P (X A 20000 1E-3 5E-2 O P Q.1.3.5.7.90
OPQ.1.3.5.7 .90 P P (XY) 200005E-3 5E-3 3 O
OP P (Y, B) 20000 10E-3 7E-3 O PP Q.1.3.5.7.90
OPQ.1.3.5.7 .90 P P (X,A) 10000 1E-3 50E-3 O
OP P (XY 5000 1E-3 20E-3 O ASS110O

PP Q.1.3.5.7.90

[Fxxxkkxx Eirst Quadtri pl et *xxkxkxskkkxsokkxxdkxx P P (X,Y) 20000 5E-3 5E-3 [
DL 1.016 O O
FF 10O [F**x*x***xx %% %% Sacond Q.Jadtripl Of KA KX KKK AKX KK Kk x
E Q .153 =A . 030 O DL 0.4064 O
FF1O FF1O
DL .0254 O E Q.153 =G .030 O
FF10O FF10O
E Q .153 =B . 030 O DL .0254 O
FF10O FF10O
DL .0254 O E Q.153 =H .030 O
FF1O FF1O
E Q .153 =E . 030 O DL .0254 O

F10 FF10O
OEMO0.12 0 0 1.0V 0.030 O E Q.153 =I .030 O
DL 0.356 O FF10O
D*********************~k~k************************ D L 04064 D

= ()(’A) + (X AAA) * 0 0002 D DY************* Cat Cher FOII kk kk ok kk kk kk ok kk kk kk %
DFAL09999999D P MO

F (X, AAA) 0 9999999 O P NO
DF( X) -1 9999999 O L = (X,A) + (X,AAA) * 0.00015 O
OF EY 2E 3 9999999 O F AL 0 9999999 O
o0PQ.1.3.5.7.90 F E X 2E-03 9999999 O
OP P (XY 20000 1E-3 10E-3 O F E Y 2E-03 9999999 O
OPQ.1.3.5.7 .90 F (X,A) 0.0 99999999 O
OP P (X A 20000 1E-3 5E-2 O F (X,BB) 2E-1 99999999 O
OPQ.1.3.5.7 .90 F (X, AAA) 30 99999999 O
OP P (XY 20000 1E-3 10E-3 O F (Y,B) 0.0 99999999 O
oPQ.1.3.5.7 .90 P Q.1.3.5.7.90
OP P (X A 20000 1E-3 5E-2 O P P (X,Y) 20000 5E-3 5E-3 0O
PQ.1.3.5.7.90 P Q.1.3.5.7.90
OP P (Y,B) 20000 10E-3 7E-3 0O P P (X,Y) 20000 5E-3 5E-3 [
OPQ.1.3.5.7 .90 PQ.1.3.5.7.90
OP P (XY 5000 20E-3 20E-3 P P (X,A) 10000 1E-3 50E3 O
O ASS4E3 1 0
**** Definition of Magnetic Dipol *******xxskkxx PB50.03.032 2.52511550
BLOCK UINIT EINS O END O
S=00 END
T=00
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Foil Heating

The following simple model relates the resistance of the catcher foil to the maximal tem-
perature achievabl e for agiven foil material .
Starting from basi ¢ principles, inthis case Faraday’s law of induction, we can express

the induced € ectromotive force &£,

where r isthefoil thickness. Now consider the differential current dueto £

£

Resi stance ’
B
4 2

2nr )

ptdr
0B rt

= —=——dr.

ot 2p

dl =

The differential induced power
dP = €&£dI,
2 3
_ (5_B> mr td .
ot 2p

Thetotal instantaneous induced power on thefoil is

R
P = /der

0
(6B R47rt
N t 8p
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Average over asinusoidal excitation the average power is

2 N2 4
() = Pua =
where w isthe drive frequency, B, isthe B [eld amplitude inside of the solenoid, and p is
the foil resistivity.

Now assume that this thermal energy is distributed evenly throughout the foil, so that

we achieve an equilibrium temperature. We can cal culate this temperature if

Pind = Pradiated )

22 4
UL BlogtR = T'027R?,
P
’BitR?
— =20 (2.44)
64po

Equation (2.44) can be used to compare the different foil material sand estimate the achiev-
able temperatures at a given RF power setting. The following example illustrates the good
agreement of recorded heating data and predictions made by the model. We [Chd the fal-

lowing resistivity datafor yttrium and platinum:

pp = 10.42 pQem

py = 9585 uflem .

Therefore, we expect that at the same conditions (same foil thickness, applied RF power,
foll size, and drive frequency) the temperature of the yttrium foil would belower by afactor

of v/5.6 = 1.54. Thisgives us atheoretical temperature for the yttrium foil of

_ Tp 1350 °C

T, — —
Y= u5s 1.54

= 876 °C'.
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Experimentally, we obtained atemperature (V,,, = 1.06 V'; Prefiected = 18 %) of
Ty =822 °C'.

This temperature agrees well with the predicted data. The small discrepancy can easily by

explained by the uncertaintiesin

e the temperature measurement with the optical pyrometer (the yttrium foil is not

uniformly heated)

e thelosses in the heating circuit (we measure a dight change in the relJected power).

We estimatethat these experimental uncertainties lead to atotal uncertainty of + 10%

in the measured foil temperatures.



